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ABSTRACT 


The  following  report  is  a  detailed  account  of  the  work  carried 
out  by  UNIVAC  pursuant  to  Contract  Number  DA-49-186-AMC-34(X) .  It 
is  of  special  interest  in  this  contract  to  develop  analytical  tools 
which  indicate  circuit  values  in  the  construction  of  an  all-fluid 
system,  and  which  then  predict  its  operating  characteristics.  In 
short,  a  circuit  theory  is  to  be  formulated.  An  n-stage  binary 
counter  is  selected  for  analysis,  the  foundations  of  which  are  the 
analogous  equations  of  fluid  flow  and  electrical  current,  and  em¬ 
pirically  formulated  element  characteristics. 

1.  INTRODUCTION 

The  primary  goal  of  this  investigation  is  the  formulation  of 
analytical  techniques  which  allow  a  circuit  to  be  constructed  by  de¬ 
fining  and  giving  values  to  Jts  relevant  parameters,  and  which  then 
predict  its  limits  of  operation.  The  term  "analytical"  is  used  here 
in  its  broadest  sense:  like  most  "theories,"  the  analytical  tech¬ 
niques  developed  here  derive,  in  part,  from  a  great  deal  of  experi¬ 
mental  data.  It  is  this  experimental  data  (most  of  it,  steady  state) 
which,  although  unspectacular,  is  really  the  backbone  of  the  first 
portion  of  the  investigation,  for  it  is  the  characteristics  of  the 
elements  and  circuit  components  which  permit  the  fashioning  of  a 
workable  "DC"  circuit.  It  remains  for  the  more  sophisticated  (but 
less  well  developed)  AC  analysis  to  predict  the  frequency  limits  and 
other  transient  effect. 

In  addition,  this  contract  is  concerned  with  several  other  areas 
cf  interest  which  are  related  to,  or  come  as  by-products  of  the  main 
investigation  described  above.  These  include  design  optimization, 
generalization  of  results,  documentation  of  laboratory  experience, 
particularly  with  dynamic  instrumentation,  scaling  effects,  sealing 
techniques,  and  control  of  spurious  oscillation. 

The  circuit  chosen  for  analysis  was  the  binary  counter  circuit 
described  in  ref  1.  Subsequent  investigation  of  this  circuit  disclosed 
characteristics  that  made  it  appear  inadvisable  to  continue  with  it. 
Several  different  designs  were  then  considered,  and  one  selected  for 
study — one  which  gave  promise  of  working  quite  satisfactorily,  which 
presented  a  quite  interesting  and  general  type  of  circuit,  and  which 
was  amenable  to  mathematical  analysis. 

Following  this  decision,  the  characteristics  of  the  additional 
elements  to  be  used  in  this  circuit  were  obtained,  and  a  3-stage 
counter  constructed  and  tested  over  a  wide  range  of  control  signal 
inputs  and  power  Jet  flowB.  Concurrently,  the  theoretical  analysis 
was  being  developed  which  sought  to  determine  a  transfer  function  for 
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the  flip-flop  from  an  equivalent  synthesized  electrical  network, 
predict  frequency  limits,  predict  the  variation  in  output  wave  shape 
with  changing  loads — In  a  word,  to  describe  the  dynamic  operation 
of  the  circuit. 

2.  TEST  EQUIPMENT— INSTRUMENTATION 

2.1  Mechanical  Pulse  Generator 


Rapid  generation  of  flow  pulses  was  achieved  by  the  use  of 
a  rotating  disc  with  cutout  slots  on  its  periphery  (fig.  1).  In  use, 
an  air  jet  from  a  nozzle  is  aimed  at  the  periphery,  and  the  slots 
allow  the  the  passage  of  the  Jet  in  rapid  step-like  fashion.  Inter¬ 
changeable  discs  with  different  size  slots  and  variable  motor  speed 
make  possible  the  independent  variation  of  frequency  and  pulse  dura¬ 
tion.  This  apparatus  produces  rise  times  on  the  order  of  0.1  msec. 

In  terms  of  usual  rise  times  encountered  in  fluid  circuitry,  this 
is  a  near-perfect  step.  Of  course,  receiver  tubes  or  other  impedances 
may  be  placed  immediately  downstream  of  the  rotating  disc  to  produce 
almost  any  desired  signal. 

2.2  Steady-State  Instrumentation 

The  usual  methods  of  steady-state  measurement  of  flow  and 
pressure  were  employed.  Static  pressures  and  total  pressures  (using 
a  Pitot  or  stagnation  tube)  were  indicated  on  conventional  manometers. 
Air  flow  was  measured  using  a  variety  of  instruments — a  few  purchased 
flow  meters,  and  a  number  of  nozzles  and  orifice-type  meters,  machined 
and  calibrated  in  our  department. 

2.3  Dynamic  Instrumentation 


The  hot-wire  anemometer  is  an  indi spensible  tool  in  fluid 
amplifier  research.  Notwithstanding  its  drawbacks,  it  remains  the 
obvious:  choice  when  transient  flow  measurements  are  required.  One 
inherent  problem  in  hot-wire  anemometry  is  the  nonlinearity  of  the 
mass  flow-voltage  output  relationship.  If  one  wishes  to  view  the 
character  of  a  wave  form,  he  sees  a  distorted  picture;  the  slope  at 
low  velocities  is,  of  course,  too  high.  If  precise  rise- time  measure¬ 
ments  are  required,  say  between  10  and  90  percent  points  In  veloc  Ity . 
the  corresponding  voltage  points  may  be  deduced  with  good  accuracy, 
but  this  is  a  very  gr< at  annoyance,  especially  where  conside  ruble 
quantities  of  data  are  being  gathered. 

Because  of  the  great  advantage  in  a  linear  system  our 
iristt  -  ion  section  expended  a  considerable  effort  in  the  develop¬ 
ment  necomete-  with  a  linearized  voltar;e  output.  This  is  a 

constant  temperature  system,  iwo  such  systems  were  built,  tested, 
und  put  into  operation  In  our  l..b»ra  <j,  y 
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gure  1.  Test  apparatus 


A  few  notes  on  our  operating  experience  are  worthwhile  to 
record  here.  The  unitn  were  built  with  the  circuitry  immersed  in 
an  oil  bath  for  the  primary  purpose  of  damping  out  variations  in 
the  temperature  of  the  surroundings.  A  subsequent  test  showed  that 
the  drift  could  be  furtner  reduced  by  maintaining  the  oil  bath  itself 
at  a  constant  temperature.  At  this  point ,  the  systems  were  con¬ 
sidered  quite  "useable”  although  there  still  occurred,  from  time  to 
time,  some  unaccountable  changes  in  the  t  ilibration  curve  of  a  par¬ 
ticular  probe— a  phenomenon  which  ivas  then  interpreted  as  drift  in 
some  portion  of  the  circuit.  A  short  time  later,  it  was  to  be 
discovered  that  the  hot-wire  probes  exhibited  "one-sidedness" — that 
is,  in  general,  a  probe  exhibited  different  characteristics  depending 
on  its  orientation  to  the  direction  of  air  flow.  From  this  point 
on,  all  probes  were  carefully  marked,  and  always  calibrated  and  used 
with  the  same  side  subjected  to  the  air  flow.  It  was  then  evident 
that  the  actual  electronic  drift  was  at  a  tolerable  level. 

Naturally,  where  any  changes  at  all  can  be  expected,  and 
when  doing  precise  quantitative  work,  it  is  prudent  to  calibrate  a 
probe  before  and  after  each  such  test.  This  is  a  practice  which 
we  have  adopted  in  all  of  our  te3t  programs  involving  dynamic  in¬ 
strumentation.  Following  this  practice,  accuracy  limits  not  exceed¬ 
ing  ±5^  in  velocity  are  obtained. 

In  fluid  systems,  pressure  is  an  equally  important  variable. 

A  number  of  pressure  transducers  of  various  types  has  been  introduced 
on  the  market,  but  the  more  desirable  ('capacitive  type)  has  not  been 
developed  quite  to  the  extent  of  hot-wi  e  anemometry.  Reference  2 
gives  an  excellent  pressure  transducer  survey,  and  discusses  the  general 
problem  of  pressure  measurements  in  unsteady  flow. 

3.  LARGE-SCALE  TESTS 

’Hie  first  series  of  tests  was  directed  toward  obtaining  the 
steady-state  pressure  and  flow  characteristics  of  the  most  important 
element  In  the  clrcuit-~the  flip-flop.  This  series  was  performed 
in  two  parts,  the  complete  description  of  which  comprises  Appendix  A. 

The  critical  dimensions  of  this  element  (as  supplied  by  HDL  under 
the  terms  of  the  contract)  are  seen  in  figure  A-l,  Appendix  A. 

A  nozzle  width  of  0.120  In.  was  chosen  for  the  initial  tests,  and 
was  prompted  by  two  main  considerations:  (1)  to  observe  scale  effects, 
for  by  the  use  of  the  0.120  in.  size  and  the  more  conventional  0.030  in. 
size,  >\  Reynolds  Number  range  of  1,000  to  24,000  (based  on  nozzle 
width  could  be  covered  conveniently,  and  (2)  accuracy  of  measurement s . 
These  tests  were  run  with  great  attention  to  detail.  Both  pressure 
and  flow  were  measured  at  all  five  ports  for  a  number  of  input  con¬ 
ditions,  and  a  premium  was  placed  upon  accuracy  of  measurements .  (See 
notes  in  section  4  :.uout  the  difficulties  Involved  in  measurements  on 
smaller  apparatus.) 
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Part  I  of  Appendix  A,  describirtg  one  phase  of  the  work,  is 
concerned  with  a  representation  of  the  flip-flop  performance  under 
changing  load  conditions.  The  load  was  simulated  by  a  restriction 
in  the  form  of  an  orifice  located  on  each  output  leg  of  the  flip- 
flop.  Similar  orifices  were  placed  ir.  the  control  ports  to  note 
what  effect,  if  any,  this  had  on  performance.  The  test  ranges  of 
these  geometric  parameters,  as  well  as  the  flow  and  pressure  param¬ 
eters,  are  shown  below. 


Parameter 

Symbol 

Test  Range 

Output  load  orifices 

0.3125-0.52 

Normalized  output  load  orifices 

/dn>3 4 }  <<J*  /dn>a 

1.78-4.94 

Control  port  orifices 

da, 

0.1-0.52  in. 

Normalized  control  port  orifices 

<da/dn>3,(d5/dn)a 

0.182-4.94 

Supply  pressure 

Pi 

5-45  in.  K,j0 

Nozzle  velocity 

vx 

124-400  fps 

Power  jet  flow 

Qi 

2.25-7  CFM 

Uach  Number 

M 

0.1-0.35 

♦Reynolds  Number 

R 

7,440-24,000 

♦Based  on  nozzle  width  =  0.120  in. 


The  conclusions  may  be  summarized  as  follows  : 

(1)  The  element  may  be  operated  without  control  input  restric¬ 
tions.  The  performance  characteristics  favor  slightly  this  configura¬ 
tion.  Operation  is  very  stable  and  digital. 

(2)  The  element  is  essentially  Insensitive  to  supply  pressure 
in  the  range  tested.  Results  are,  therefore,  simplified  by 
normalization  of  pressures. 

(3)  A  proportional  range  is  exhibited  for  the  lo"d  orifice 
value,  dg  =  d*  *  0.3124  in.,  or  ((I3AO3  =  1.78 

(4)  The  range  of  bistable  operation  is  dj  -  >  0,323  in. 

or  (rt*/dn)S  i 
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(5)  The  estimated  load  range  for  useful  operation  is 
0.338  <  cL,  <  0.3725  in.,  cr  2.09  <  (c%/dn>2  C  2.54 

(6)  At  d)  =  »  0.348  in.  (with  control  ports  open) 


Pressure  gain 

3.0 

Pressure  recovery 

31.  bi 

Efficiency 

43  4 

Percent  of  power  Jet  flow 

to  switch  (^/Qi) 

22  i 

Part  II  of  Appendix  A  discusses  " Presteering."  The  successful 
operation  of  the  originally  suggested  binary  counter  is  dependent 
on  the  induced  flow  in  the  "loop"  (see  figure  below)  to  presteer 
an  incoming  pulse  in  the  proper  direction. 


Upper  flip-flop  (with  controls) 


ooop 


Lower  flip-flop  (without  controls) 


Incoming  pulse 


The  Jet  stream  in  the  upper  flip-flop  being  asymetr* cal , 
establishes  a  pressure  difference  across  the  control  ports,  which 
in  turn,  accounts  for  the  circulatory  flow  in  the  loop  Joining  th 
two  elements.  This  p-**  sure  difference,  and  the  flow  It  induces 
were  the  subjects  of  investigation  in  thts  sequence  of  tests.  Two 
typical  loud  orifices  were  inserted  in  the  output  legs  of  the  upper 
flip-flop,  and  measurements  taken  over  u  range  of  power  jet  flows. 


The  pressure  difference  across  the  control  ports  when  blocked, 
or  with  a  clamped  loop,  may  be  regarded  as  a  measure  of  the  "flow 
inducing  capability"  of  the  upper  flip-flop.  Of  course,  the  actual 
flow  which  results  depends  on  the  resistance  of  the  complete  loop 
configuration,  which  embodies  the  lower  element,  and  the  lines  con¬ 
necting  its  outputs  to  the  upper  element  inputs.  For  this  reason, 
it  is  impossible  to  specify  a  value  of  flow  until  the  entire  con¬ 
figuration  has  been  fixed.  These  tests  used  a  simple  loop  with 
different  orifices  inserted  to  provide  artificial  resistance,  and 
also  to  measure  the  flow. 

The  conclusions  from  these  tests  may  be  summarized  as  follows: 

(1)  The  control  port  pressures  were  insensitive  to  the  load 
orifices  used. 

(2)  The  induce  '  loop  flows  ranged  from  2  to  4  percent  of  the 
power  jet  flow  for  the  line  resistances  used.  It  is  estimated  that 
the  4  percent  figure  is  attainable  (and  probably  necessary)  in  a 
practical  configuration,  when  used  in  conjunction  with  the  large 
element  tested. 

4.  SMALL-SCALE  TESTS 


The  critical  dimensions  of  the  0.030-in„  nozzle  flip-flop  ;  »- 
mained  the  same  (referring  to  fig.  A-l),  but  the  control  port  -viuths 
were  changea  from  5W  to  3W,  and  the  power  Jel;  port  width  from  10W  to 
3W.  This  was  done  to  allow  the  use  of  our  standard  fittings,  thereby 
facilitating  the  interconnecting  of  these  and  other  circuit  el  >ments. 
These  changes  necessitated  the  making  of  a  new  template,  from  which 
a  new  brass  master  was  machined.  Several  rubber  molds  were  poured, 
and  from  these,  several  dozens  of  epoxy  castings  made. 

Essentially,  the  same  sequence  of  tests  was  performed  as  on  the 
0.120- in.  element.  The  range  of  geometric,  pressure,  and  flow  param¬ 
eters  is  given  below: 


Output  load  orifices 
Normalized  output  loud 
Control  port  orifices 
Supply  pressure 
Nozzle  width 
Power  j<‘t  flow 


,  d* 

orifices  (dj/d  )*,(<! 

dp  ,  tw. 

Pi 

Vi 


Test  Range 

0.079-0.110  in 

/d  )3  1.82-3.50 

n 

none  used 
10-30  in  1^0 
200-350  fps 
0.23-0.39  CKM 


Mach  Number 
♦Reynolds  Number 


M 


0.18-0.30 

3000-5200 


R 

♦Based  on  nozzle  width  =  0.030  In. 

The  purpose  of  this  section  is  to  merely  report  the  results 
of  the  small  scale  tests,  and  to  compare  them  with  the  large  scale 
performance.  The  differences  are  noted  but  not  analyzed.  A  later 
section  on  scale  effects  attempts  to  introduce  factors  which  account 
for  these  dif ferences . 

Figures  2  through  6  indicate  and  compare  the  performance  of 
0.03  and  0.12  in,  nozzle  scale  models.  Figure  2  shows  the  character¬ 
istics  obtained  for  a  single  element,  and  may  be  compared  with 
figure  A-3.  Figures  2,  3  and  4  compare  the  two  sizes  with  respect 
to  efficiency,  pressure  gain,  and  pressure  recovery,  respectively. 
Figure  5  shows  the  variation  in  pressure  recovery  and  switching 
pressure  exhibited  by  a  number  of  small  flip-flops. 

The  curves  of  figure  7  may  be  consulted  to  show  the  general 
variation  in  flow,  velocity,  and  Reynolds  Number  at  given  supply 
pressures  for  both  0.03  and  0.12  in.  nozzle  flip-flops.  They  are 
approximate,  since  a  slight  variation  with  load  orifices  exists; 
however,  this  variation  is  less  than  ±5  percent. 

There  are  several  rather  obvious  differences  ’n  the  performance 
characteristics  of  the  two  sizes.  They  may  be  summarized  as  follows: 

(1)  There  is  a  definite  "load-shift,"  as  seen  on  figure  5,  in 
particular.  That  is  to  say,  the  useful  operating  range  of  the  0.030-in 
nozzle  element  has  shifted  to  the  left  by  about  10  percent  in  the 
(d^/d^)2  load  parameter.  The  useful  operating  range  is  defined  as 

the  range  bounded  on  the  right  by  the  intersection  of  the  on-side  and 
switching-pressure  curves,  and  on  the  left  by  the  intersection  of 
the  off-side  and  switching  pressure  curves,  or  the  limit  of  bistability 
whichever  occurs  first. 

(2)  The  small  flip-flop  appears  to  be  more  pressure  sensitive; 
that  is,  normalized  pressures  vary  a  bit  more  over  the  supply  pressure 
range  invest igated--a  fact  due  partly  to  the  practice  used  herein 
plotting  static,  rather  than  total  pressures.  See  f  ller  description 
under  "Scale  Effects." 

(3)  Obtaining  accurate  and  consistent  results  becomes  a  real 
problem  when  working  with  elements  of  the  0.030-m.  nozzle  class. 
Perhaps  the  most  difficult  problem  Is  that  of  accurately  machining 
the  small  load-simulating  orifices  in  the  output  legs.  It  must  be 
appreciated  that  the  diameter  range  corresponding  to  the  useful 
operating  range  Is  0.081  to  0.089  In.  An  error  as  small  as  0,001 
In.  is  reflected  In  apparent  Inconsistencies  In  the  load  character¬ 
istics.  It  is  evident  that  such  Inconsistencies  do  appear  In  the 
experimental  data. 
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fficiency  of  large  and  soall  elenents 


Pd>*rs  !  oPFH 


2.*-  i.t  2.3  3.0  3.2  3* 

Performance  variation — HDL  0.030-in.  flip-flop. 
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Curves  showing  variations  in  flow,  nozzle  velocity,  and  Keynolds  number 
versus  supply  pressures  for  'i.UJ-  und  0.12-in.  nozzle  flip-flops. 


(4)  The  maximum  efficiency  and  pressure  gain  of  the  small 
element  is  less  than  that  of  its  big  brother.  In  the  case  of  ef¬ 
ficiency,  both  the  pressure  and  flow  recovery  is  reduced;  in  fact, 
the  flow  recovery  is  very  little  more  than  1,  which  means  almost 
no  entrainment.  All  these  factors  are  probably  related  to  the 
surface  effects  which  will  be  discussed  later  more  fully. 

(5)  The  most  disturbing  fact  of  all  is  the  very  much  de~ 
creased  "loop"  flow  in  the  configuration  described  in  Part  II  of 
Appendix  A,  and  summarized  in  the  last  section.  Because  of  the  great 
dependence  on  this  flow  in  the  successful  operation  of  the  proposed 
counter  circuit,  this  subject  is  discussed  in  more  detail  in  the 
following  section. 

5.  CIRCULATION  IN  LOWER  LOOP 

Measurements  of  the  circulation  flow  in  the  standard  size 
0.030-in.  element  indicated  an  upper  limit  of  l.b  percent  of  the 
power  jet  flow,  a  substantial  reduction  from  the  4  percent  seen  in 
the  0.120  in.  size.  This  is  a  very  difficult  measurement  in  smal1 
sizes,  and  hot-wire  techniques  were  employed  to  verify  the  correct¬ 
ness  of  the  above  figure.  (The  flow  is  about  6  x  10“3CFM  or  10*4CFS.) 

Apart  from  the  scale  effect,  which  will  be  discussed  later, 
there  arose  the  obvious  question  of  the  applicability  of  this  par¬ 
ticular  flip-flop  design  to  the  proposed  binary  counter  circuit.  To 
gain  more  concrete  evidence,  we  checked  several  other  flip-flops  in 
similar  configurations,  and  found  quite  different  values  of  circula¬ 
tion  flow  in  the  lower  loop.  In  fact,  there  appeared  to  be  a 
correlation  with  the  amount  of  channel  "setback"  (dimension  "x"  in 
the  figure  below) . 


Dimension  "x"  for  the  HDL  design  being  studied  in  this  contract  is 
l.'W  (for  which  the  loop  flow  is  1.5  percent).  For  X  =  3W  (old  HDL 
tyi o) ,  we  get  3.5-4  percent. 


Evidently,  the  fl ip-flop  and  the  circuit  for  which  it  was  in¬ 
tended  in  this  study  *re  seen  to  be  ill-matched,  and  two  remedial 
possibilities  immediately  suggest  themselves: 

(1)  Substitute  a  different  flip-flop  in  the  same  binary 
counter  circuit. 

(2)  Continue  with  the  same  flip-flop,  changing  the  circuit 
to  one  that  is  not  dependent  on  this  loop  flow  for  t+s  successful 
operation. 

The  first  possibility  was  not  particularly  attactive,  in 
view  of  the  fact  that  a  large  portion  of  the  work  already  completed 
would  have  had  to  be  repeated.  Changing  the  circuit  appeared  to 
cause  the  least  disruption  in  the  program,  and  had  the  added  advan- 
ttge  of  allowing  us  to  continue  with  the  same  flip-flop,  which 
certainly  is  superior  in  gain,  efficiency  and  clean  switching,  not¬ 
withstanding  its  poor  potential  flow-inducing  ability.  The  above 
change  was  agreed  to  in  a  meeting  with  HBL  during  the  course  of  the 
program,  and  it  was  decided  that  UNIVAC  would  investigate  several 
other  possible  counter  circuits,  and  se1ect  one  from  these  for 
experimental  and  theoretical  analysis.  The  results  of  this  investi¬ 
gation  are  reported  in  a  later  section. 

6.  SCALE  EFFECTS 


The  problem  of  scaling  is  one  which  confronts  the  experimenter 
at  every  turn.  An  adequate  knowledge  of  the  classical  scaling  laws 
and  a  keen  eye  for  new  or  unexpected  effects  is  indispensable  if 
data  are  to  be  interpreted  properly.  Scale  effects  are  of  great  im¬ 
portance  in  fluid  amplifier  worli.  since  practical  test  sizes  differ 
by  at  least  one  order  of  magnitude  from  hoped-for  miniaturized 
production  sizes.  It  is  almost  a  certainty,  that  in  bridging  this 
gap,  we  pass  through  one  or  more  changing  flow  regimes  characterized 
by  some  Reynolds  Number  whose  value  we  dr  not  yet  know.  There  have 
been  a  number  of  investigations  directed  toward  shedding  some  light 
on  this  problem,  and  progress  has  been  made;  but  devices  have  not 
yet  been  standardized  to  the  point  where  it  car.  be  said  that  a  single 
value  of  Reynolds  Number  (or  some  other  parameter)  may  be  considered 
critical  for  all  designs. 

The  Reynolds  Number,  however,  is  not  the  only  dimensionless 
parameter  to  be  considered.  The  general  condition  for  flow  similarity 
requires  that,  at  geometrically  similar  points,  the  forces  acting  on 
a  fluid  particle  must  bear  a  fixed  relationship  at  every  Instant  In 
time.  This  Includes  forces  such  as  pressure,  gravitational,  elastic, 
and  surface,  as  well  as  viscous  forces.  It  is  important  to  recognize 
that  group  of  forces  which  predominate,  as  well  as  those  which  do  not 
affect  the  fluid  behavior.  We  begin  by  considering  the  latter  group. 
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6. 1  Nonpredomli.cting  Forces 


In  the  test  range,  compressibility  effects  are  undoubtedly 
of  little  importance  for  the  steudy-state  case  as  the  flow  is  very 
definitely  subsonic.  Certainly,  this  is  true  in  the  region  where 
Reynolds  No.  effectsbegln  to  take  place.  If  there  are  Mach  No.  ef¬ 
fects  .  then  they  should  be  the  sane  for  both  large  and  small  models, 
because  both  were  tested  over  essentially  the  same  velocity  range, 
and  for  a  given  air  temperature  ;  Mach  No.  is  a  function  of  velocity 
only. 


6.2  Predominating  Forces 


We  naturally  think  of  Reynolds  No.  first.  The  test  ranges 
have  already  been  given  for  both  scales,  but  now,  for  the  purpose 
of  noting  scale  effects,  it  is  of  Interest  to  examine  the  maximum 
Reynolds  No.  of  the  small  scale  tests  and  the  minimum  Reynolds  No. 
of  the  large  scale  tests.  The  following  table  gives  this  informa¬ 
tion  : 


Small  Scale  Large  Scale 


psupply-  "W 

30 

5 

^nozzle7 

0.39 

2.5 

Vnozzle7  fpS 

348 

140 

Rnozzle 

5200 

8500 

D.  ,  in  . 

loop* 

° ,  125 

0.5 

Q.  ,  CFM 

loop7 

0.C054 

0.096 

R. 

loop 

66 

293 

We  cannot  overlook  the  fact  that  the  coefficient  of  dis¬ 
charge  (of  the  load  orifices)  is  a  Reynolds  N<  .  dependent  parameter, 
and  we  may  therefore  expect  some  change  in  thu  load  performance 
plot  with  vary irg  Reynolds  No.  In  the  range  investigated,  this  change 
is  such  as  to  narrow  the  margin  in  the  performance  of  the  two  model*. 

We  next  turn  to  geometric  similarity,  which  has  been  pre- 
sumea  to  have  been  satisfied.  Actually,  a  small  departure  from 
perfect  geometric  scaling  was  Introduced  with  the  change  to  3V  of 
the  (Hwer  nozzle  and  control  entry  ports.  We  may,  however,  take 
account  of  this  change  by  plotting  total  pressures  rather  than 
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static,  if  the  (quite  reasonable)  assumption  may  be  made  that  the 
total  energy  losses  associated  with  the  accelerating  flow  into  the 
power  and  control  nozzles  are  negligible. 


P4T  P4  +  V/2g 

The  ratio  of  total  pressures  is 

The  velocity  heads  at  points  1  and  4  may  be  expressed  in 
terms  of  the  nozzle  velocity  head,  and  hence,  in  terms  of  the  inlet 
static  pressure,  .  The  ratio  of  total  pressures,  therefore,  may 
be  uniquely  expressed  in  terms  of  the  ratio  of  static  pressures  (as 
plotted  in  the  figures)  for  a  given  geometry.  The  final  expressions 
are  as  follows: 

0.120-in.  size:  P^/P^  =  0.99  (P4/!\g  +  0.112) 

0.030-in.  size:  P^/P^  =  0.889  (P4/I\s  +  0.125 

The  latter  two  equations  are,  for  convenience,  plotted  in  figure  8. 

Unfortunately,  perfect  geometric  scaling  implies  more 
than  simply  maintaining  similarity  of  macroscopic  dimensions.  Sur¬ 
face  finish  play3  an  important  part  in  determining  the  behavior  of 
flowing  fluids.  A  number  of  studies  have  shown  a  relationship 
between  flow  separation  (from  a  wall),  and  a  parameter,  h/6,  where  h 
is  the  height  of  a  surface  irregularity,  and  therefore  a  measure  of 
surface  roughness,  and  6  is  the  local  boundary  layer  thickness.  It 
is  also  true,  that  to  a  very  close  approximation,  6  ~  L,  where  I.  is 
an  arbitrary  linear  dimension  denoting  the  scale  of  the  model.  It 
follows  then,  that  h/Ii  =  const  should  be  a  condition  for  maintain¬ 
ing  surface  similarity.  Unfortunately,  when  scaling  to  different 
sizes,  this  parameter  is  seldom  held  constant,  for  L  changes  with 
scale,  and  it  is  likely  that  h  will  remain  about  the  same,  unless 
particular  attention  is  paid  to  surface  finish  details. 

Also,  the  importance  of  the  parameter  h/L  depends  on  the 
flow  regime,  and  in  particular,  the  nature  of  the  boundary  layer. 

Flow  at  very  low  Reynolds  No.  is  insensitive  to  surface  roughness. 

At  nigher  Reynolds  No.,  increased  surface  roughness  is  usually 
detrimental,  unless  the  boundary  layei  itself  is  in  a  transitional 
state,  in  which  case  a  roughened  surface  will  trigger  turbulence, 
thereby  inhibiting  separation,  and  reducing  losses.  For  example, 
the  reduced  circulation  flow  found  in  the  small  model  is  not  likely 
a  result  of  surface  phenomena,  since  the  flow  there  is  quite  laminar, 
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and  losses  are  negligible.  On  tie  other  hand,  surface  effects  may 
have  considerable  influence  on  the  behavior  of  the  flow  in  the  out¬ 
put  channels  of  the  flip-flop,  particularly  in  the  diffuser  region. 

Having  introduced  the  various  factors  which  may  account 
for  performance  variation,  we  attempt  now  to  summarize  the  relative 
predominance  of  these  effect!!. 

6.3  Circulation  Flow 


The  discrepancy  in  results  between  large  and  small  scales 
is  difficult  to  explain.  Surface  effects  are  not  responsible. 
General  geometric  scaling  was  preserved.  Reynolds  No.  seems  the 
only  answer.  Certainly,  the  very  low  numbers  are  characterized  by 
a  transitory  region.  Actually,  the  ranges  may  be  said  to  overlap 
if  one  wishes  to  put  faith  in  the  extrapolated  portion  of  the  large 
scale  test  down  to  0  (see  fig.  A-22) .  But  in  this  region,  if  the 
extrapolation  is  correct,  the  ratio  of  circulation  to  power  Jet  flow 
remains  about  the  same,  and  therefore  differs  from  that  of  the  small 
scale  test  at  the  same  Reynolds  No.  This  implies  a  dependence  on 
something  other  than  Reynolds  No. 


6.4  Load  Characteristics 


The  Reynolds  No.  ranges  do  net  quite  overlap,  bu  ;  come 
close.  One  does  not  expect  substantial  changes  in  performance  due 
to  Reynolds  No.  at  this  level  of  turbulence,  but  it  is  possible,  in 
fact  probable  that  the  variation  in  the  discharge  coefficient  gives 
rise  to  a  significant  change — one  that  tends  to  drtw  the  -esults 
closer  together. 

Comparing  the  two  scales  on  the  more  equitable  basis  of 
total,  rather  than  static  pressure  results  in  a  widening  of  the 
gap.  See  the  equations  for  this  correction,  or  figure  6. 

Surface  finish  quite  probably  plays  an  important  role, 
especially  in  the  region  of  the  diffuser  section  of  the  output  flip- 
flop  channels.  Were  surface  similarity  preserved,  the  0.C30-in. 
size  performance  would  probably  be  Improved. 

7 .  INVESTIGATION  OF  DIFFERENT  COUNTER  CIRCUI TS 

The  discovery  of  the  poor  circulation  f 1 jw  associated  with  the 
flip-flop  design  under  consideration  raised  doubts  as  to  the  wisdom 
of  its  incorporation  Into  the  suggested  binary  counter  circuit.  Brief, 
informal  teats  were  conducted  on  this  and  several  other  binary  counter 
circuits,  the  results  of  which  tended  to  support  this  hypothesis. 
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The  suggested  circuit  was  erratic  in  operation,  and  "difficult  to 
make  work."  It  also  posed  uncertainties  in  connection  with  the 
analytical  phase  of  the  work.  A  consultation  was  held  in  Washington 
with  HDL  representatives,  and  it  was  agreed  upon  that  UNIVAC  should 
Investigate  several  different  binary  counter  circuits,  and  select, 
from  these,  one  for  theoretical  and  experimental  analysis. 

Accordingly,  two  circuits  were  selected  for  study,  one,  a 
variation  of  the  original  circuit  with  two  feedback  loops  added, 
one  from  each  output  to  the  opposite  control  port,  which  serve  the 
purpose  of  supporting  the  "loop"  flow  established  by  the  pressure 
differential  across  the  jet.  Thus,  the  feedback  flow  becomes 
predominant  in  directing  the  incoming  signal  to  the  proper  channel. 
The  loop  flow,  at  best,  a  small  percentage  of  the  power  jet  flow,  is 
no  longer  a  critical  parameter. 


This  circuit  (shown  above)  was  constructed  in  the  laboratory, 
using  the  small  size  HDL  flip-flops  with  standard  connections  and 
tubing.  The  circuit  was  instrumented  with  pressure  transducers 
and  hot-wire  probes  in  such  a  eanner  that  the  signal  at  any  critical 
point  in  the  circuit  could  easily  be  monitored.  Bleeds  were  used 
at  the  outputs. 

This  circuit,  while  better  than  the  one  without  feedback  lines, 
was  very  difficult  to  stake  operate  consistently.  Short  leads  were 
used  to  the  controls  of  the  active  element,  but  various  lengths  of 
feedback  lines  were  experimented  with.  Surprisingly,  the  longer 
feedback  lines  (which  permit  s  longer  input  pulse  duration)  hindered 
successful  operation  more  than  shorter  lines. 
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The  main  difficulty  with  this  circuit  is  its  predilection  to 
oscillate.  Aside  from  greatly  increasing  the  impedance  of  a  return 
line,  there  is  no  way  to  completely  shut  off  an  undesirable  signal 
which  may  prematurely  switch  the  element.  (Note  that  in  the  AND 
gate  circuit  discussed  later,  this  disadvantage  is  not  present) 
Another  possibility  is  the  redesign  of  the  lower  element,  or  as¬ 
sociated  lines,  so  they  are  more  suited  to  their  purpose  in  the 
circuit,  namely,  to  "presteer"  an  incoming  signal  in  a  particular 
direction  without  allowing  stray  internal  signals  to  gaiu  such 
magnitude  that  they  may  switch  the  unit. 

Upon  adjusting  the  various  circuit  parameters  to  achieve  the 
best  performance,  a  single  stage  of  the  counter  was  made  to  operate 
in  the  range  of  14  to  30  input  pulses  per  second.  The  table  below 
gives  the  pertinent  information  a*  the  extremes  of  the  range: 


Pulses/sec 

On  time  (msec) 

Feedback  delay  (msec) 

Innut  pulse  duration 
(msec) 

14 

71.5 

2 

12.0 

30 

33.3 

2 

5.5 

It  was  noted  that  the  circuit  operation  was  very  sensitive  to 
the  amount  of  bleed,  controlled  at  the  output  legs  of  the  upper 
element. 

In  this  operating  range,  the  switching  seemed  quite  clean  to 
the  "ear'*  as  it  was  sensed  through  the  bleed,  but  the  observed  wave¬ 
form  was  somewhat  jagged;  in  short,  it  left  much  to  be  desired  in 
terms  of  the  type  of  signal  one  would  want  entering  the  next  stage. 
In  fact,  a  second  stage  was  added,  and  could  not  be  made  to  operate 
successfully.  Bleed  control  of  the-  second  stage  in  attempting  to 
make  it  work  caused  even  the  first  stage  to  bxeak  down. 

The  chief  advantage  of  this  circuit  appears  to  be  the  fact  that 
the  pulse  duration  may  not  have  to  be  a  critical  parameter.  Note 
from  the  above  table  that  the  duration  is  considerably  longer  than 
the  delay  time  associated  with  the  feedback  loop.  The  reason  for 
this  is  not  entirely  clear.  At  times  the  circuit  oscillates  under 
controlled  pulse  operation,  implying  that  the  input  pulse  was  not 
"off"  by  the  time  feedback  flow  returned.  Yet,  oscillation  Is  pre¬ 
sent  in  the  complete  absence  of  an  input  signal,  implying  a  quite 
different  mechanism  by  which  oscillation  occurs.  Again,  it  seems 
clear  that  if  such  a  circuit  were  to  be  used,  a  differently  de¬ 
signed  lower  element  would  be  appropriate. 
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The  second  circuit  tested  was  the  AND  gate  circuit  shown  below: 


—  on. ay  - 

y 

-  prtA/  — 

Jl 

<_ 

[7  7 

Jet 

Signal 


Input 


The  incoming  pulse  is  divided,  ANDS  with  the  feedback  flow 
from  the  on  output  and  switches  the  power  jet.  Note  that  this  cir¬ 
cuit  1 i  not  a  natural  oscillator  as  is  the  other  one,  subject  only 
to  the  condition  that  the  signal  be  off  by  the  time  the  feedback 
flow  reaches  the  AND  gate.  A  steady  input  flow,  or  a  pulse  of  too- 
long  duration  will  put  the  circuit  into  oscillation.  The  table 
shown  below  indicates  the  capabilities  of  this  conf iguration : 


Input 

No.  of  On  time  Feedback  pulse  duration 


stages 

Pulses/sec 

(msec) 

delay  (msec) 

(msec) 

Comments 

2 

50  (max) 

20 

10 

3.5 

Strong  Input 
Signal 

2 

20  (min) 

50 

10 

8 

Strong  Input 
Signal 

1 

5  (min) 

200 

10 

34 

Weak  Input 
Signal 

1 

8  (min) 

125 

5 

22 

Weak  Input 
Signal 

The  upper  frequency  attainable  is  limited  by  the  first  stage. 

The  lower  limit  Is  probably  set  by  the  second,  or  succeeding  stages, 
unless  the  output  pulses  are  reshaped. 

Clearly,  this  circuit  seems  more  manageable  than  the  one  previously 
described.  It  has  a  much  wider  frequency  range,  two  stages  operate 
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together  quite  nicely,  and  the  bleed  adjustment  is  not  nearly  as 
critical.  No  difficulty  was  experienced  using  different  feedback 
delays,  though  the  pulse  duration  limit,  of  course,  changes.  It 
is  significant  that  for  the  first  stage,  using  a  "strong"  signal, 
the  maximum  possible  pulse  duration  is  of  similar  magnitude  to  the 
time  delay  in  the  feedback  loop.  It  is  only  with  a  reduced  signal 
that  lower  frequency,  or  longer  pulse  duration  may  be  achieved. 

This  Indicates  that  the  steady  state  pressure  is  not  sufficient  to 
switch.  A  similar  mechanism  may  account  for  the  successful  opera¬ 
tion  of  the  second  stage.  Evidently,  the  on  time  of  the  first  stage 
represents  the  duration  of  the  second  stage  signal  input.  This  is 
obviously  too  long,  in  theory,  to  permit  successful  operation  of  the 
second  stage.  Thus,  the  "effective  pulse  width,"  in  terms  of  switch¬ 
ing  capability  is,  quite  clearly,  within  a  reasonable  limit. 

Since  each  stage  in  a  binary  counter  must  operate  at  one-half 
the  frequency  of  its  predecessor,  we  may  eventually  reach  a  point 
where  the  pulse  width  must  be  decreased.  This  can  be  done  using  a 
simple  "pulse -former"  in  the  connecting  lines. 
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Output  of  AND  Gate 


(1)  and  (2)  are  outputs  from  the  flip-flops.  One  of  the  two 
is  delayed  so  that  the  wave  forms  overlap  by  any  desired  amount.  The 
output  of  the  AND  gate  is  then  a  pulse  of  shorter  duration.  One  dis¬ 
advantage  of  such  a  procedure  is  the  weakened  output  signal  which 
results.  In  some  cases,  an  amplitier  may  be  necessary  to  build  up 
this  signal. 

Raving  tested  the  two  binary  counter  circuits,  the  latter,  or  AND  gate 
circuit  seemed  to  be  the  wiser  selection  for  study.  The  preliminary 
tests  showed  that  it  could  be  made  to  work  satisfactorily;  in  addition 
it  appeared  to  be  a  representative  circuit  posing  a  reasonably  com¬ 
prehensive  problem  in  analysis. 
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ISOLATION  STUDY 


The  subject  of  isolation  has  been  studied  with  considerable 
interest  at  UNIVAC.  The  attractiveness  of  the  isolation  or  self” 
adaptive  element  is  its  ability  (if  designed  properly)  to  operate 
over  a  wide  range  of  imposed  loads  with  negligible  feedback  effects. 
There  are  several  ways  to  Isolate  an  element  from  the  rest  of  the 
circuit.  One  is  to  simply  place  an  isolator,  or  isolating  element 
in  the  output  leg  of  the  element  in  question.  Another  is  to  "build 
in"  the  necessary  isolation. 

The  relative  merits  of  the  above  mentioned  possibilities  were 
investigated  early  in  the  contract  period.  It  was  suspected  at  that 
time  (although  not  yet  verified  by  test)  that  it  was  advantageous 
to  isolate  as  far  upstream  as  possible  (say  in  the  output  leg  of  a 
flip-flop).  This  is  followed  by  diffusion,  if  necessary,  which  is 
accomplished  at  a  lower  velocity,  and  therefore  with  less  loss. 

(Later  test  results  of  various  isolator  configurations  supported 
the  theory  that  it  is  more  efficient  to  isolate  first,  and  then 
diffuse,  rather  than  diffuse  iirst,  and  then  isolate.) 

Having  established  the  goal  of  producing  a  reasonably  well 
optimized  element  containing  isolation,  the  initial  task  became 
clear.  A  fundamental  study,  on  a  large  scale,  of  several  different 
isolator  configurations  was  undertaken.  The  complete  description 
and  results  of  this  series  of  tests  are  set  forth  in  Appendix  B. 

Stated  briefly,  the  test  explored  a  cylindrical  gap-type 
isolator,  the  flow  being  axi-symmetric.  Three  typeb  of  recovery 
port  configurations  were  analyzed,  and  pressures  and  flows  measured 
under  various  load  conditions.  (Hie  limiting  load  conditions  pre¬ 
vail  witb  the  output  tube  blocked,  and  unblocked.)  Data  were  taken 
at  gaps  up  to  2.4  diameters.  It  was  seen  that  perfect  Isolation 
could  be  obtained  when  employing  the  right  combination  of  gap  size 
and  recovery  port  configuration.  Flow  and  pressure  recoveries  were 
noted. 

The  value  of  this  series  of  tests  is  evident.  Using  the  re¬ 
sults  as  guidelines,  one  may  design  an  element  to  be  used  specifi¬ 
cally  for  isolating  purposes,  or  an  element,  say  a  flip-flop,  with 
built-in  isolation,  by  placing  in  the  output  channel  a  gap  of 
appropriate  configuration.  The  latter  project  was,  in  fact,  under¬ 
taken. 

9.  OPERATION  OF  A  THREE -STAGE  BINARY  COUNTER  CONSTRUCTED  ACCORDING 
TO  STEADY- STATE  CALCULATIONS 

9.1  Constructing  the  Circuit 

The  first  step  in  the  analytical  procedure  Is  to  represent  the 
binary  counter  in  terms  of  an  equivalent  fluid  circuit.  The  resistance 
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of  each  element  of  this  circuit  must  be  experimentally  determined, 
whereupon,  the  necessary  load-matching  orifices  may  be  calculated 
using  straightforward  procedures. 

The  steady-state  aspects  of  the  circuit  theory  are  de¬ 
tailed  in  Appendix  C.  It  is  expedient  to  express  the  resistance 
of  a  fluid  element  as  an  equivalent  area — general  expressions  may 
then  be  derived  for  combining  areas  in  series  and  in  parallel.  The 
appendix  gives  these  derivations  as  well  as  the  complete  calculations 
pertinent  to  the  construction  of  an  n-stage  binary  counter. 

Based  on  these  calculations,  a  three-stage  counter  was  con¬ 
structed.  The  "breadboard"  model  of  this  counter  is  seen  in  figure  9. 
As  a  matter  of  interest,  we  note  that  the  circuit  consists  of  flip- 
flops,  bleeds,  delay  lines,  flow  dividers,  orifices,  and  AND  gates. 

It  is  necessary  to  determine  the  steady-state  characteristics  of 
each  of  these  elements.  The  flip-flop  is  the  most  complicated  of 
these,  and  has  already  been  discussed  in  detail.  All  the  others, 
with  the  exception  of  the  AND  gate  are  relatively  simple  elements, 
whose  resistance  to  flow  may  be  quickly  ascertained.  The  AND  gate 
is  a  very  important  element  in  logic  circuits,  and,  being  a  three- 
terminal  device,  its  characteristics  are  slightly  more  complicated 
to  specify  uniquely. 

It  is  therefore  constructive  to  refer  to  figure  10,  which 
is  a  plot  of  the  characteristics  of  a  typical  UNIVAC  AND  gate.  The 
following  points  of  interest  are  noted: 

(1)  The  maximum  output  does  not  occur  at  equal  inputs, 
but  at  a  ratio  of  about  1.15. 

(2)  The  fact  that  the  two  curves  shown  do  not  coincide 
indicates  a  sensitivity  to  pressure  level  (or  Reynolds  Number). 

(3)  The  elements  are  not  perfectly  symmetrical.  This 
is  proven  by  reversing  signals  A  and  B  and  noting  the  slightly 
different  output  C. 

(4)  Because  of  conclusions  2  and  3,  we  cannot  uniquely 

characterize  an  "AND"  gate  by  abscissas  in  the  range  0  ^  P  /P  £  1, 

B  A 

for  when  P  /P  >  1,  the  high  and  low  sides  are  reversed  (asymmetry 

BA 

changes  result),  and  operation  is  at  a  higher  pressure  level  (Reynolds 
Number  changes  result). 

A  typical  load  was  used  at  the  output  of  the  "AND"  gate. 

For  this  load,  the  pressure  recovery  is  seen  to  be  57  percent  for 
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dboard  construction  of  three-stage  binary  counter  circuit 


Curves  showiag  steady-sUte  AM)  gete  operation  for  typical  load 


equal  inputs.  Tests  conducted  on  numerous  gates  with  equal  inputs, 
and  with  the  output  blocked  off  completely,  indicated  total  pressure 
recoveries  in  the  range  of  70  to  80  percent.  From  the  gates  avail- 
t,Me,  three  well  matched  pairs  were  selected  for  use  in  tho  feedback 
lines  of  the  three-stage  counter  circuit.  Three  more  having  good 
recovery  were  used  in  the  pulse-former  sections  of  the  circuit. 


Open 


a*  Orifice 
IJLflfJML  Delay  Line 
X  AND  Gate 


The  operation  of  the  three-stage  countei ,  a  diagram  of 
which  appears  above,  may  be  termed  successful.  O  ly  one  fundamental 
change  was  .wade;  the  delay  line  in  the  pulse-forme*  circuit  was  in¬ 
creased  froa  5  to  10  ft.  This  is  a  critical  lengtt — the  line  must 
be  long  enough  to  permit  a  signal  of  sufficient  duration  to  activate 
the  next  stag*.  But  it  must  be  short  enough  so  that  the  signal  will 
cease  by  the  time  the  feedback  from  the  output  reaches  the  "AND"  gate. 
Of  course,  a  linger  feedback  line  could  be  used,  but  is  not  desirable, 
since  lmpedanc*  is  thereby  increased.  This  may  be  especially  harmful 
when  high  frequency  operation  is  reached.  The  lncrea »e  in  length 
was  compensated  for  by  suitable  changes  in  orifice  diameters. 
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9.2  Operation  of  the  Counter  Circuit 


The  first  stage  operated  successfully  as  an  oscillator 
(80  cps),  and  drove  the  second  and  third  stage  at  40  and  20  cps 
respectively.  Using  mechanically  timed  pulses  at  the  first  stage 
input,  the  circuit  operated  successfully  over  a  range  of  fre¬ 
quencies  dictated  by  acceptable  pulse  width  limits.  Three  slotted 
generator  wheels  of  10,  20,  and  30  degree  cut  outs  were  used. 

The  maximum  permissible  pulse  width  is  dictated  by  the 
length  of.  the  feedback  lines,  as  described  earlier.  For  this  cir¬ 
cuit,  the  maximum  width  is  about  10  msec.  This  corresponds  to 
lower  frequency  limits  of  7,  11,  and  17  pulser/sec  for  the  10-,  20-, 
and  30~deg  wheels,  respectively.  The  limits  of  actual  operation 
matched  these  figures  very  closely,  with  the  exception  of  the  10-deg 
wheel,  where  the  limit  was  3  or  4  pulses/sec.  This  is  explained 
by  the  inability  of  the  wheel  slot  to  produce  a  perfect  flow  step 
at  very  slow  rotating  speeds.  The  rise-time  shortens  the  effective 
pulse  duration,  and  permits  lower  speed  operation. 

The  minimum  permissible  pulse  width  is  difficult  to  predict 
accurately,  but  our  switching  tests  show  a  sharp  knee  in  the  presc ire- 
to-switch  versus  pulse  duration  curve  (see  Appendix  D),  starting  at 
a  pulse  duration  of  about  3  msec.  The  upper  frequency  limits  achieved 
with  10-,  20-,  and  30-deg  wheels  were  about  18,  30,  and  45  cps,  re¬ 
spectively,  These  frequencies  correspond  to  pulse  widths  in  the  3- 
to  4~msec  range. 

10 .  SWITCHING  TESTS 


A  number  of  tests  were  performed  to  determine  various  switching 
characteristics.  These  tests  may  be  categorized  as  follows: 

(1)  Determination  of  leading  edge  wave  shape  as  seen  at  output 
leg  of  flip-flop. 

(2)  Correlation  of  minimum  control  pressure  to  switch  and  pulse 
duration. 

(3)  Switching  time. 

The  first  two  items  are  explored  in  detail  in  Appendix  D. 

Item  i  represents  a  part  of  the  experimental  portion  of  the  transient 
circuit  analysis.  One  purpose  of  this  analysis  is  to  predict  by 
means  of  un  equivalent  flip-flop  circuit  its  output  wave  shape.  The 
supporting  experimental  evidence  is  a  portion  of  the  work  of  Appendix  D, 
wherein  are  shown  oscillograms  of  output  wave  shapes.  The  duration 
of  the  control  pulse  and  the  output  load  la  varied. 
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The  results  of  the  control  pressure-pulse  duration  tests  are 
seen  in  figures  D-3,  D-4,  and  D-5.  Different  size  cut-out  slots 
in  the  pulse  generator  wheel  allowed  frequency  and  pulse  duration 
to  be  varied  independently.  Figure  D-4  shows  the  nondependence  of 
frequency. 

Item  3  is  simply  an  experimental  determination  of  the  switching 
time  of  a  flip-flop,  which  is  here  defined  as  the  time  necessary 
to  switch  from  one  output  to  the  other  with  zero  feedback  length  in 
the  simple  oscillator  circuit  indicated  in  figure  11.  Since  zero 
feedback  length  is  physically  unattainable,  we  simply  plot  the  cycle 
period  for  different  lengths,  and  extrapolate  the  curve  to  zero. 

This  gives  a  full  cycle  tine  of  0.5  msec,  or  a  switching  time  of 
C.25  msec.  The  curve  bends  a  bit  in  the  region  of  the  extrapola¬ 
tion,  however,  and  it  seems  wiser  to  consider  an  average  switching 
time  inferred  from  the  rest  of  the  data,  taking  into  account  the 
delay  in  the  feedback  length.  Considering  the  equation: 

T  -  2f  +  2: 


Where : 


T  =  cycle  period  msec. 


I  =  delay  in  1/2  cycle  =  length  of 
feedback  line  in  ft. 

s  =  switching  time  in  msec. 

We  get  an  average  s  of  0.32  msec  for  the  seven  test  points.  The 
range  was  0.25  to  0.4G  msec, 

11.  TRANSIENT  CIRCUIT  ANALYSIS 


The  purpose  of  this  portion  of  the  analysis  is,  in  a  word, 
to  predict  the  transient  behavior  of  a  fluid  circuit.  It  starts 
with  perhaps  the  most  complex  element  in  the  circuit — the  flip-flop — 
and  attempts  to  derive  its  transfer  function.  The  steps  in  this 
procedure  may  be  outlined  briefly  here: 

(1)  Draw  an  equivalent  flip-flop  circuit,  using  AC  type 
impedances  a3  well  as  DC  type  resistances.  (The  placing  of  elements 
in  this  circuit  is,  to  some  degree  arbitrary,  and  may  have  to  Le 
modified  later.) 

(2)  Write  the  circuit  equations 

(3)  dolvo  the  equations  for  p(t)  or  q(t).  These  equations 
will  have  the  form- 
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p(t)  =  f(R,  L,  C,  t) 


where  It,  L,  and  C  are  arbitrary  constants,  any  values  of  which  will 
satisfy  the  initial  equations. 

(4)  Select  values  of  R,  L,  and  C  which  will  give  p(t)  which 
concides  most  closely  with  the  experimentally  determined  p(t). 

(5)  Use  this  equation  to  predict  the  output  wave  form  when 
different  values  of  R,  L,  and  C  prevail. 

The  above  procedure  was  described  for,  but  is  not  limited  to, 
a  flip-flop,  Any  circuit  may  be  handled  in  this  fashion,  assuming 
that  the  equations  may  be  solved  (see  Appx  E  for  detailed  theory 
of  fluid  circuits).  The  equations,  of  course,  are  the  well-known 
electrical  circuit  equations  expressing  voltage  drop  across  resistive, 
inductive,  and  capacitive  type  elements: 

e  =  L  ~  +  Ri  +  F  idt 

dt  C  Jo 

But  for  a  fluid  circuit,  we  substitute  pressure  for  voltage  and 
flow  for  current,  and  get 

t 

p  =  LS3tRq  +-i-Joqdt 

Equations  of  this  type  are  easily  solved  since  they  are  linear. 
But  the  relationship  between  pressure  and  flow  in  a  fluid  resistive 
type  element  (say,  an  orifice)  is  not  linear.  We  may  solve  the 
linear  equations  and  have  only  an  approximate  solution-~or  attempt 
to  solve  the  nonlinear  equations  and  have  exact  solutions. 

Each  of  these  two  approaches  has  been  given  considerable 
thought.  Appendix  F  is  a  complete  accounting  of  the  linear  analysis. 
Herein  is  described  the  assumed  circuits,  their  equations,  and 
solutions.  The  flip-flop  is  considered  first,  and  a  mathematical 
curve  is  derived  which  closely  fits  its  known  output  wave  shape. 

The  analysis  is  then  extended  to  a  complete  circuit,  and  culminates 
in  a  theoretical  determination  (confirmed  by  experiment)  of  the 
natural  frequency  of  a  stage  of  the  experimental  binary  counter. 

The  second  course — that  of  investigating  the  possibility  of 
nonlinear  soiut ions- -failed  to  yield  solutions  in  closed  form.  In 
general  graphical  or  computer  techniques  are  necessary. 

12.  A  THREE- STAGE  BINARY  COUNTER  USING  THE  ISOLATION  FLIP-FLOP 


The  knowledge  gained  as  a  result  of  the  fundament;-]  investigation 
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of  flow  isolation  (described  in  Appendix  B)  laid  the  ground  work 
for  the  development  of  a  flip-flop  with  "built-in"  isolation.  The 
design  philosophy  is  described  in  detail  in  Appendix  G,  along  with 
a  dimensioned  drawing,  and  performance  curves.  It  is  clear,  from 
the  nature  of  the  curves,  that  feedback  effects  have  virtually  been 
eliminated  in  this  element. 

To  demonstrate  the  utility  of  this  new  element,  we  have  fabricated 
a  3-stage  (single  plane  per  stage)  integrated  binary  counter.  The 
planes  are  separated  by  short  spacers  to  permit  the  necessary  bleed 
from  the  isolation  gap.  The  circuit  used  is  a  modification  of  the 
AND  gate  circuit  which  was  investigated  in  the  previous  analyses. 

The  circuit  is  so  designed  that  its  operation  is  Independent  (above 
a  certain  minimum  time)  of  the  duration  of  the  incoming  control 
pulse.  This  is  a  great  advantage  for  any  type  of  construction,  but 
particularly  so  for  an  integrated  plane-type  construction,  since  it 
eliminates  the  need  for  space  consuming  delay  lines  that  are  normally 
necessary  in  the  feedback  and  pulse-former  sections  of  standard  cir¬ 
cuits. 

A  description  of  this  circuit,  as  well  as  the  details  of  the 
counter  construction,  is  presented  in  Appendix  G. 

13 .  CONCLUSIONS 

(1)  The  steady-state  performance  characteristics  of  a  large  and 
a  small  scale  HDL  flip-flop  was  the  first  task  accomplished.  A  two¬ 
fold  purpose  was  served;  the  tests  provided  the  operating  character¬ 
istics  necessary  to  match  the  flip-flop  to  the  rest,  of  the  circuit, 
and  scale  effects  were  noted. 

(2)  The  small  (0.030-in.  nozzle)  element  characteristics  were, 
in  general,  inferior  to  those  of  the  large  (0.120-in.  nozzle)  element. 
Reynolds  Number  changes  are,  in  part,  responsible,  particularly  inso¬ 
far  as  the  discharge  coefficients  of  the  various  orifices  are  con¬ 
cerned.  Equally  important  are  surface  phenomena.  These  are  less 
predictable,  but  under  certain  conditions,  may  have  a  significant 
effect  on  performance. 

(3)  The  low  circulation  flow  found  in  the  loop  connecting  the 
control  ports  of  the  upper  flip-flop  caused  an  investigation  into 
several  alternate  binary  counter  circuits.  Following  a  brief  period 
of  study,  one  of  these  (the  AND  gate  circuit)  was  selected  for 
analysis. 

(4)  Following  the  substitute  counter  selection,  the  steady-state 
res  stance  of  all  the  necessary  elements  in  the  circuit  were  obtained; 
matching  load  orifices  were  prescribed  by  ptendy-9tate  circuit  theory, 
and  a  3-stage  "breadboard’  counter  was  built  and  successfully  operated. 
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(5)  The  transient  circuit  analysis  took  two  forms:  a  linear,  and 
a  nonlinear  study.  The  nonlinear  study  was  not  fruitful,  due  to  the 
mathematical  complexities  involved.  The  linear  analysis,  although 

an  approximation  at  tH-e  outset,  produced  more  satisfactory  results. 

An  equivalent  flip-flop  circuit  was  drawn,  and  a  transfer  function 
deduced.  Later,  a  complete  circuit,  including  the  flip-flop  was 
considered,  and  the  theory  used  to  predict  the  natural  frequency 
of  oscillation. 

(6)  Switching  tests  on  the  small  scale  flip-flop  produced  the 
following  information: 

(a)  Oscillograms  of  output  wave  shapes  under  varying 
conditions  of  load  and  control  pulse  duration. 

(b)  A  correlation  between  the  minimum  control  pressure 
to  switch  and  the  pulse  duration. 

(c)  Switching  time,  as  determined  by  varying  the  feed¬ 
back  length  of  a  simple  oscillator  circuit,  and  extrapolating  to 
zero. 


(7)  Following  a  fundamental  study  of  ax i symmetric  flow  isola¬ 
tion  by  gap,  an  isolation  flip-flop  was  constructed  which  proved 
capable  of  operating  in  a  circuit,  and  being  virtually  unaffected 
by  feedback  effects.  A  3-stage  integrated  binary  counter  (in  three 
planes)  was  fabi icated  using  this  flip-flop  in  a  modified  circuit, 
whose  successful  operation  is  independent  of  the  duration  of  the 
control  pulse.  The  need  for  space  consuming  delay  lines  is  thereby 
eliminated. 
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NOMENCLATURE 


a,  b,  c,  d,  a 

constants 

A 

area 

C 

capacitance 

d,  D 

diameter 

e 

voltage 

f 

friction  factor 

g 

gravitational  acceleration 

1 

current 

L 

inductance 

M 

Mach  No. 

P,  P 

pressure 

q,  Q 

flow 

R 

Reynolds  No.,  resistance 

8 

switching  time 

t 

time 

T 

period 

V 

velocity,  volume 

Y 

weight  density 

P 

mass  density 

Subscripts 

o 

initial 

1,  2,  3,  4,  5 

flip-flop  terminals 

(See  Figure) 

J 

\ur 

n 

nozzle  •>>  /  \ 

Z 

8 

supply  V 

T 

total 

— 
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APPENDIX  A.— STEADY-STATE  CHARACTERISTICS  OF  HDL  FLIP-FLOP 


INTRODUCTION 

The  problems  inherent  in  describing  the  performance  of  a 
five-terminal  device,  such  as  a  flip-flop  (fig  A-iy,  are  manifold. 

No  one  method  appears  to  be  unique,  nor  even  the  best  under  all 
circumstances.  Rather,  we  must  keep  in  mind  the  use  for  which  the 
element  is  intended,  and  be  content  with  a  method  of  presentation 
which  is  the  most  instructive  for  this  purpose. 

In  a  word,  the  method  used  here  shows  the  variation  of  the  out¬ 
put  characteristics  of  the  device  as  a  function  of  load.  This  method 
has  the  advantage  of  giving  immediate  in3ight  into  the  useful  operat¬ 
ing  range.  For  example,  this  flip-flop  is  not  called  upon  to  "fan¬ 
out,"  or  drive  a  number  of  other  units.  Therefore,  flow  gain  is  of 
little  importance.  But  pressure  gain  is  of  great  importance,  and 
we  can  by  inspection  of,  say  figure  A-2,  see  that  the  operating 
point  must  lie  within  the  intersection  of  the  switching  and  off-side 
pressure  curves,  and  the  intersection  of  the  switching  and  on-side 
pressure  curves. 

Loads  are  simulated  by  the  placing  of  orifices  of  different 
sizes  in  the  output  channels.  A  function  of  this  load  is  plotted 
as  the  abscissa,  and  normalized  flows  and  pressures  as  the  ordinate. 
Some  investigators  in  the  field  find  it  expedient  to  use  orifices 
in  the  control  inputs.  This  flip-flop,  accordingly,  was  tested, 
over  a  range  of  such  input  restrictions. 

The  unit  was  tested  in  air  with  supply  pressures  ranging  to 
45  in.  *jf  water.  At  each  supply  pressure  and  configuration  of 
orifices,  performance  data  were  taken  with  the  control  ports  open 
to  atmosphere  in  the  absence  of  a  control  signal.  A  line  was  then 
connected  to  one  control  port,  and  air  introduced  in  "quasi-steady" 
fashion  to  the  point  of  switching.  At  this  point,  another  complete 
set  of  performance  data  was  taken,  but  with  particular  emphasis  on 
the  switching  pressure  and  flow.  A  third  configuration  involved 
connecting  the  control  ports  by  a  line  (to  form  a  closed  loop). 

The  latter  configuration  is  of  interest  in  connection  with  the  proper 
functioning  of  this  element  as  a  binary  counter.  Measurements  of 
the  pressure  difference  across  the  Jet  and  the  circulation  this 
establishes  comprise  a  division  of  this  investigation  which  is 
described  in  Part  II  of  this  report. 


♦Figures  for  appendix  A  appear  on  pp  ^3  to  64. 


<*2 


PART  I 


1 .  DESCRIPTION  OF  TEST  APPARATUS  AND  MEASUREMENT  OF  FUNDAMENTAL 

QUANTITIES" 

The  line  diagram  of  figure  A- 3  shows  how  the  flip-flop  is 
instrumented.  Orifice  type  flow  meters  are  inserted  in  the 
supply  line  and  the  line  to  the  left  control  port.  Each  terminal 
has  four  static  pressure  taps  manifolded  to  a  common  line  leading 
to  a  manometer.  Thus,  the  possibility  of  erratic  readings  due  to 
asymmetry  in  the  flow  is  minimized.  The  orifices  in  the  output 
legs  used  to  simulate  varying  load  conditions,  conveniently 
double  for  flow  measurement  devices.  Each  orifice  used  was 
calibrated  for  this  purpose  to  give  output  flows  as  well  as  pres¬ 
sures. 

The  entrainment  flows  in  the  control  ports  and  in  the  '’off¬ 
side"  output  leg  are,  of  course,  small,  and  not  suitably  measured 
by  the  pressure  drop  across  an  orifice.  For  this  purpose,  hot-wire 
anemometry  was  employed,  probes  being  situated  at  terminals  2  and 
3.  Thus,  flow  and  pressure  are  quite  adequately  monitored  at 
each  of  the  five  terminal  points. 

2.  DEFINITION  OF  TERMS 


Pressure  recovery 

Rp  = 

p4/p 

Flow  recovery 

rq  = 

Q4/9 

Efficiency 

T)  = 

R  K 

P  9 

Pressure  gain  is  defined  as  the  change  in  pressure  at  one 
output  leg  /rior  to  and  after  switching  divided  by  the  corresponding 
change  at  the  control  port. 


For  a  symmetrical  device,  this  reduces  to 


P 

on 


side 


P 


off  side 


P 


swi  tch 


P 

c 


where  P  is  the  pressure  at  the  control  port  on 
absence°»>f  control  flow.  For  a  let  in  state  4, 


G  ■ 
P 


P  -P 

5<sw) 


5 


the  Jet  side  in  the 
the  gain  would  be 
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Flow  gain,  0^  is  defined  similarly,  as 

^4  '  ^3 

°«  'WTT'^ 

The  power  gain  is  Gp  x 

3 .  DISCUSSION  OF  TEST  RESULTS 

A  brief  explanation  concerning  the  abscissa  parameter  in 
figures  A-3  through  A-10  is  in  order.  dQ  is  simply  the  diameter 

of  the  orifices  used  in  the  output  legs,  d  is  the  diameter  of 
a  circle  whose  area  is  the  same  as  that  of  the  nozzle.  In  other 
words , 

Nozzle  area  *  .120  (.360)  -T  V 

d! *  «  <.12X.36),  dj,  >  .234  In. 

In  general,  for  flow  through  an  orifice, 
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Is  atmospheric,  and  all  pressures  are  gauge, 


S  ■  XCA  /%  *nd ■ IC.'. 

Admittance,  defined  as  Q 8/P  is  an  oft-used  parameter  to  characterize 
a  hydraulic  load.  Note,  that  for  the  specific  cases  above, 


Output  admittance  =  Q  8/P  =  KaC  8 A  8 

o  o  o  o 

Input  admittance  =  Q^a /P&  =  I®C^aA^a 

Admittance  ratio  -(~ f(-^J  -  fc) 

(if  is  defined  as  above). 

It  is  seen  that  the  term  (dQ/d^)a  is  related  to  the  square 

root  of  the  admittance  ratio  by  the  ratio  of  discharge  coefficients. 
The  attractiveness  of  this  term  as  a  load  parameter  is  apparent 
when  one  considers  its  simplicity  and  its  fundamental  relation  to 
load.  Its  nondimens ional  form  allows  direct  comparison  of  character¬ 
istics  of  flip»-flops  of  differing  size  and  design. 

Figures  A-2  to  A-7  show  the  pei formance  characteristics  of  the 
flip-flop  for  a  series  of  control  input  restrictions  ranging  from 
0.1  in.  to  0.52  in.  (open).  Inspection  of  these  curves  does  not 
indicate  a  clear-cut  advantage  in  operating  the  element  with  the 
controls  restricted.  The  element  is  quite  stable  with  the  inputs 
unrestricted,  and  quiie  'digital"  (note  the  off-side  pressures). 

The  pressure  recovery  and  pressure  gain  are  good,  and  seem  little  af¬ 
fected  by  changes  in  the  input  orifice  size,  until  a  diameter  of 
0.1  xn.  Is  reached.  Here,  switching  pressures  are  somewhat  erratic, 
and  quite  low — in  fact,  comparable  to  the  off-side  pressure. 

The  area  of  Interest  is,  of  course,  to  the  left  of  the  inter¬ 
section  of  the  switching  and  on-side  pressure  curves  (P  /P  and 

v  i 

P^/Pj),  since  it  is  in  this  region  that  pressure  gain  is  obtained. 

The  limit  of  stable  circuit  operation  is  the  intersection  of  the 
switching  and  off-side  pressure  curves  (P  /P  and  P_/P  ) ,  ilnce  an 

D  *  i 

off-side  pressure  equal  to  the  switching  pressure  of  s  downstream 
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flip-flop  would  trigger  it.  W.3  peek  an  operating  point  somewhere 
between  those  two  limits,  Note  that  the  operating  uoint  will  also 
closely  coincide  with  the  point  of  maximum  efficiency. 

Output  orifices  of  0,325  in.,  or  (d  /d„)s  =  1.93,  represent 

O  N 

the  approximate  limit  of  bistable  operation.  There  is  a  slight 
dependence  on  supply  pressure  here,  but  nominally,  the  output  of 
the  element  is  divided  when  using  output  restrictions  less  than 
0.325  in.  A  later  paragraph  describes  a  brief  test  in  the  pro¬ 
portional  range  of  this  amplifier. 

The  curves  in  figures  A-2  to  A-7  were  taken  with  the  element 
m  state  4.  For  comparison,  figure  A-8  shows  the  characteristics 
in  state  3  (the  preferred  side).  The  difference  in  performance  is 
seen  to  be  small.  Compare  figures  A-2  and  A-8,  which  are  both  for 
open  inputs. 

The  device  is  essentially  pre  ire  insensitive,  in  the  range 
tested,  a  fact  which  greatly  simplifies  the  presentation  of  the 
results,  since  it  allows  normalization  of  all  pressures.  The 
supply  pressure  range  for  each  input  configuration  is  noted  on 
the  curves.  Most  tests  were  run  at  more  than  one  value  of  supply 
pressure,  and  the  data  are  indicated  as  discrete  points  (same 
.  bscissa,  different  points  on  the  ordinate).  It  is  seen  that  in 
general,  the  point  are  close  enough  to  assume  that  pressures  3cale 
quite  well  in  the  range  tested.  What  dependence  there  is  on  supply 
pressure  stems  more  pronounced  as  the  limit  of  stability  is  reached. 

Figures  A-9  and  A-10  show  the  pressure  and  power  gain  for  the 
control  inputs  open,  and  for  d_  =  d  =  0.3  in. 

J*  D 

Figure  A-ll  shows  the  input  power  as  a  function  of  vhe  supply 
pressure.  It  is  essentially  independent  of  the  orifice  configura¬ 
tions  tested. 

Figure  A -12  show1"  a  px*oportional  range  of  this  element.  Not 
a  cor.cen.  for  the  present  application,  it  seems  fitting,  nevertheless 
to  comment  briefly  on  its  existence  for  possible  future  reference. 

The  range  in  output  lor.d  giving  these  results  was  not  fully  investi¬ 
gated,  but  appears  to  be  quite  limited.  Similar  results  obtain 
when  orifices  are  placed  in  the  control  norts. 

4.  CONCLUSIONS 

(1)  The  element  may  be  operated  without  control  input 
restrictions.  The  performance  characteristics  favor  slightly 
this  configuration,  Opeiatlon  is  very  stable  and  digital. 


(2)  The  element  is  essentially  insensitive  to  supply 
pressure  in  the  range  tested.  Results  are,  therefore,  simplified 
by  normalization  of  pressures. 

(3)  While  perhaps  not  the  best  design  for  an  analogue  device, 
the  element  exhibits  a  proportional  rar.ge  when  using  output  orifices 
of  0.3125  in. 

(4)  The  range  of  bistable  operation  was  found  to  be 

d_  =  d .  >  0.325  in. 

3  4  = 

(5)  The  estimated  load  range  for  useful  operation  is 

0.338  <  d  <  0,3725  in.  At  d  =  0.348  in.  (with  control  ports  open). 


Pressure  gain 

3.0 

Pressure  recovery 

31.5$ 

Efficiency 

43$ 

Percent  of  power  Jet 

flow  =  22$ 

to  switch  (Q../Q, ) 
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NOMENCLATURE 

See  figure  A-3  for 

terminal  numbering , 

A 

Area 

C 

Discharge  coefficient 

d 

Orifice  diameter 

G 

Gain 

K 

Constant 

P 

Pressure 

AP 

Pressure  difference 

Q 

Volume  flow 

R 

Recovery 

T? 

Efficiency 

Subscripts 

1  to 

5  Flip-flop  terminals 

o 

Output 

tab. 

Ambient 

c 

Control 

N 

Nozzle 

P 

Pressure 

Q 

Volume  flow 

a 

Supply 

•V 

9wltch 
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PART  II 


STEADY- STATE  LOOP  TESTS 


1.  INTRODUCTION 

The  operating  principles  of  the  binary  counter  under  investi¬ 
gation  in  this  contract  are  explained  in  detail  in  the  report 
"Fluid  Flip-Flops  and  Counter"  by  R.  W.  Warren1  .  For  convenience 
in  the  following  discussion  the  key  operating  principles  are  listed 
below : 

(1)  The  successful  operation  of  the  binary  counter  depends 
on  the  ability  of  a  small  induced  flow  in  the  loop  (fig.  A-13)  to 
guide  the  pulse  stream  properly  in  the  correct  direction. 

(2)  If  there  exist  waves  of  sufficient  magnitude  in  the 
power  stream,  they  must  be  attenuated  to  eliminate  their  effect, 
acting  as  an  undesired  signal  to  switch  the  power  stream  from  one 
output  to  the  other  in  the  absence  of  an  input  pulse. 

In  order  to  get  a  better  understanding  of  these  principles 
and  to  provide  a  basis  for  the  development  of  an  analytical 
formulation  of  the  input  and  output  relationship,  steady-state 
loop  tests,  to  be  reported  below,  were  carried  out. 

In  this  test  the  prime  objective  was  to  find  out  the  amount  and 
characteristics  of  the  small  induced  flow  in  the  loop  since  the  first 
of  the  two  key  operating  principles  is  totally  dependent  on  this 
flow.  Though  the  wave  phenomenor.  described  by  Warren1  was  not  in¬ 
cluded  in  this  test — the  test  results  give  some  clue  to  this  question. 

2,  DESCRIPTION  OF  THE  STEADY- STATE  LOOP  TEST  ARRANGEMENT 

A  0. 120-in.  nozzle  size,  dual-input  flip-flop  of  HD9L  design 
was  constructed  and  used  in  this  test.  This  is  the  flip-flop  to 
be  used  in  constructing  a  binary  counter.  The  two  control  ports 
were  connected  with  tygon  tubing  to  form  a  loop.  An  orifice  flow 
meter  was  placed  in  the  loop  to  measure  the  inducted  flow.  It  is 
evident  that  the  orifice  flow  meter  constitutes  a  load  in  the  loop 
and  that  the  Induced  flow  may  vary  with  respect  to  this  load,  there¬ 
fore  different  size  orifice  flow  meters  were  used.  To  vary  the  loads 
at  the  outputs,  several  pairs  of  different  size  orifices  were  pre¬ 
pared.  These  orifices  can  be  inserted  and  replaced  with  other  size 
orifices  at  ease.  Figure  A-14  shows  the  details  of  the  orifice 
adapter.  The  details  of  the  test  arrangea»nt  are  shown  in  the 
figures . 


1HDL  Report  No.  TR-1061,  "Fluid  Ampl i float ion--No.  3:  Fluid 
Flip-Flops  and  a  Counter,"  R.  W.  Warren,  25  Aug  1962. 
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A  transition  section  was  constructed  and  placed  upstreair  of 
the  power  jet  nozzle  to  insure  the  absence  of  large  scale  unsteady 
turbulence  in  the  power  stream.  It  is  important  from  the  fluid 
dynamical  point  of  view  to  provide  a  consistent  approaching  flow 
of  known  characteristics  to  the  power  nozzle,  especially  in  con¬ 
nection  with  the  investigation  of  the  second  key  operating  principle 
described  in  the  introduction.  The  detail  of  the  transition  section 
is  shown  in  figure  A-15.  In  figure  A-16  the  dimensions  of  the  loop 
are  shown. 

3.  STEADY-STATE  LOOP  TEST 

For  the  characterization  of  the  induced  flow  in  the  loop  several 
variables  are  considered.  They  are  the  independent  variables  which 
can  be  varied  individually  under  control,  and  the  dependent  variables 
which  we  observe. 

The  independent  variables  considered  are  : 

a.  Output  loads — denoted  by  d^  and  d  ,  the  diameter  of 
the  orifices  placed  at  the  output  channels  3  and  4,  The  flow 
paths  in  the  flip-flop  are  numbered  as  follows: 


Facing  the  cover 
plate  of  the  device 


t.  Load  in  the  loop — denoted  as  "OFM  0.150,"  means 
orifice  flow  meter  of  size  O.l'O  in.  in  dian*  >r. 

c.  Power  Jet  flow  rate — denoted  Hy  q 

d.  State  of  power  Jet--denoted  by  "State  3*’  and  "State  4" 
indicating  the  output  through  which  the  power  jet  flows. 

The  dependent  variables  considered  are : 


by  Pl 

by  v3 


a.  Entrainment  flow-denoted 

b.  Static  pressure  at  points 


c .  Jet  velocity  at  the  exits 

and  V. . 

4 


by 

i  n  t  he 


of  the 


flow  pi  th--denoted 


out  put  channels--  ignored 
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Several  sets  of  test  conditions  were  selected,  and  these  are 
summarized  in  Table  A-l 

4.  TEST  RESULTS  AND  DISCUSSION 

(1)  Characteristics  of  the  lowest  induced  pressure  at  the 
control  ports.  Referring  to  Table  1.1,  when  the  loop  condition  is 
,rclamped,,r  the  pressure  at  the  control  ports  drops  to  the  lowest 
value  for  a  given  power  Jet  flow  due  to  the  entrainment  of  air  by 
the  power  Jet.  This  minimum  pressure  is  a  measure  of  the  entrain¬ 
ment  capability  of  the  power  jet. 

Figures  A-17  ar.d  A-18  show  the  pressure  at  the  control  ports 
at  various  for  chosen  lends  at  the  outputs  and  in  the  loop. 

The  following  points  are  worth  mentioning: 

(a)  Each  of  the  figures  indicates  a  clear  trend  of 
decrease  in  pressure  at  the  control  ports  with  increasing  . 

(b)  In  changing  the  output  loads  d  and  d  from  0.348  in. 
to  0.398  in.  the  relation  between  lowest  induced  static  pressure 
and  remains  essentially  the  same.  Therefore,  the  lowest  induced 
static  pressure  is  determined  practically  by  . 

(c)  The  difference  in  the  lowest  induced  static 
pressure  at  the  two  control  ports  which  may  be  called  the  "potential 
maximum  pressure  differential,"  determines  the  potential  inducible 
flow  in  the  loop.  me  size  and  length  of  the  loop,  and  the  design 
at  the  pulse  input  will  influence  significantly  the  rate  and  pattern 
of  the  induced  flow  in  the  loop.  A  plot  of  the  potential  maximum 
pressure  differential  against  Qj  is  shown  in  figure  A-19. 

(2)  Characteristics  of  the  Induced  Flow  in  the  Loop 


When  the  clamp  on  the  loop  is  released,  the  pressure 
differential  across  the  power  Jet.  is  reduced  from  the  potential 
maximum  value  to  a  lower  value  as  steady  state  is  reached.  At  the 
same  time  the  induced  flow  begins  .o  flow  through  the  loop  in  the 
direct  on  of  decreasing  pressure  and  reaches  a  steady  rate.  The 
time  in  which  the  induced  pressure  and  flow  rate  reach  st»?ady-state 
values  plays  an  important  role  in  determining  the  upper  limit  of 
frequency  of  the  binary  counter. 

In  figure  A-20  the  induced  flow  Is  plotted  against  power 
Jet  flow  for  different  loads  at  the  outp-'t  and  the  loop. 

(a)  The  data  indicate  :»  clear  trend  of  increase  In 
Q  with  increasing  O  . 

*  A 
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(b)  The  degree  of  dependence  of  the  induced  flow  on 

the  output  loads  Is  negligible  compared  with  the  effect  of  the 

loads  in  the  loop.  Q  Increases  with  decreased  load  in  the  loop. 

X 

The  load  in  the  loop  is  dependent  on  the  length  and  diameter  of 
the  loop,  and  the  size  of  the  orifice  used  to  measure  the  induced 
flow. 


(c)  Referring  to  figure  2  in  Warren's  report1,  the 
location  of  the  pulse  input  port  is  In  the  middle  of  the  induced 
flow  path.  This  means  that  in  a  multistage  binary  counter  the 
induced  flow  loop  in  each  counter  will  not  be  entirely  closed 
from  the  ambient,  except  possibly  the  first  stage  where  a  valve 
might  be  used.  Entrainment  through  the  pulse  input  port  should 
be  fully  utilized. 

(3)  The  Symmetry  of  the  Test  Unit 

As  noticed  in  Table  A-l,  one  of  the  independent  variables, 
namely,  the  state  of  power  jet  is  considered  in  order  to  test 
the  symmetry  of  the  test  unit.  The  results  of  careful  dimensional 
check  disclosed  that  the  tolerances  are  equal  or  superior  to  those 
given  on  the  drawing  submitted  by  HDL.  This  is  substantiated 
also  in  the  test  results  shown  in  figures  A-17,  A-18,  and  A-19. 

(4)  The  turbulence  waves  in  the  power  Jet  do  mu  influence 

the  steady-state  stability  with  the  output  loads  of  0.34  in.  and 

0.398  in.  However,  as  the  output  loads  d_  .  are  reduced  to  smaller 

3,4 

than  0.325  in.  the  power  jet  is  no  longer  bistable.  The  power  Jet 
becomes  divided  into  two  streams  and  begins  to  oscillate  at  higher 
rates  ot  power  jet  flow. 

5.  CONCLUSIONS 


A  test  scheme  has  been  described  by  which  an  estimation  of 
the  potential  inducible  flow  in  the  loop-shaped  passage  of  the 
binary  counter  can  be  made. 

The  test  results  with  0.120  in.  size  (power  nozzle)  flip- 
flop  have  been  presented.  Within  the  test  range  of  velocity 
(Mach  Mo.  >  0.3)  an  Induced  flow  of  2-4  percent  of  the  power  of 
Jet  flow  exists  In  the  loop-shaped  passage.  In  order  to  operate 
the  binary  counter  successfully  the  induced  flow  must  be  able  to 
direct  the  resultant  flow  (Induced  flew  plus  the  input  pulse)  in 
the  correct  direction.  A  further  investigation  of  this  interaction 
is  highly  Jesirable. 


^bid. 
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Figure  A-i.  Critical  dimensions  of  large  scale  HOC  flip-flop 

Nozzle  width*  0.120  in. 

Nozzle  depth:  0.360  in. 
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Figure  A-3.  Fine  diagram  of  test  apparatus. 
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Figorc-  A-5. 


Performance  characteristics  of  flip-flops  (cont'd) 


Performance  characteristics  of  flip-flops  (cont’d) 
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Vi ffe O-L  ,  (Pg.~  Rp)  >  (inchex  W) 


F  injure  Potential  maximum  pressure  different  ial. 
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Table  I.  Sets  of  test  conditions  in  the  steady-state  loop  test 
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APPENDIX  E. — STEADY- STATE,  SUBSONIC  FLOW  ISOLATION  BY  GAP 


1  •  ^UTilODUCTION 

In  designing  a  fluid  circuit  one  is  often  confronted  with 
the  complexity  of  analyzing  the  circuit  as  a  whole.  The  problem 
is,  essentially,  to  solve  a  large  number  of  equations  simultaneously . 
The  complexity  increases  in  accordance  with  the  number  of  com¬ 
ponents  in  the  circuit.  If  an  efficient  isolation  device  is  avail¬ 
able,  it  will  permit  us  to  break  a  complex  circuit  into  a  number 
of  simple  individual  circuits,  and  thus  build  a  complex  circuit 
before  the  complex  circuit  theory  is  developed. 

A  simple,  gap-type,  isolator  was  investigated  here.  The  idea 
used  is  simply  that  by  providing  a  gap  of  suitable  size  between 
two  components  in  the  circuit;  only  the  output  flow  of  the  driving 
component  can  efficiently  jump  across  the  gap  to  trigger  the  fol¬ 
lowing  component  but  the  undesirable  feedback  is  spilled  out  at 
the  gap.  Physically,  a  gap-type  isolator  consists  of  a  gap  of 
suitable  size  and  a  recovery  port  as  shown  in  figure  B-l.  Accord¬ 
ing  to  the  situation  in  which  the  isolator  is  used,  the  isolator 
can  be  either  an  independent  component  or  integrated  with  the  com¬ 
ponent  being  isolated. 

The  configuration  of  the  recovery  port  is  important  because  it 
is  one  of  the  factors  that  determines  the  flow  pattern  at  the 
isolator.  Three  representative  types  of  recovery  port  configuration 
were  chosen  in  this  study.  In  the  following  discussion,  an  isolator 
is  considered  to  consist  of  dimensions  as  given  in  figure  B-l 
(list  1). 

The  investigation  was  conducted  with  the  attempt  to  provide 
s  '*}  design  data  as  well  as  to  bring  out  the  basics  of  the  flow 
across  a  gap.  The  input  and  output  of  the  isolator  and  the  loads 
used  in  the  test  were  defined.  Then  the  results  were  analyzed  and 
presented  to  show  the  relationship  of  input  and  output  flow  and 
pressure  with  respect  to  the  gap  size  and  loads. 

2.  DESCRIPTION'  OF  TEST  APPARATUS  AND  ARRANGEMENT 


The  test  apparatus  is  shown  schematically  in  figure  B-2.  Two 
pieces  of  brass  tube  with  dimensions  as  given  in  the  figure  were 
held  together  in  a  larger  size  brass  sleeve.  The  larger  size  brass 
sleeve  was  perforated  to  give  free  escape  paths  to  ambient  atmosphere. 
There  were  four  static  pressure  taps  located  at  points  1,  2,  3,  and 
4  as  shown  in  figure  B~2.  They  were  1.5  in.  from  the  ends  of  each 
tube . 
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The  input  and  output  flows  were  measured  with  venturi  flow 
meters  as  shown  in  figure  B-3.  Two  flow  meters  were  necessary 
for  covering  the  test  range  desired.  In  the  test,  there  were 
three  loads  used.  The  maximum  load  condition  was  obtained  by 
blocking  off  completely  the  end  of  the  test  piece.  The  medium 
and  minimum  loading  conditions  are  illustrated  in  figure  D-4. 

The  pressure  taps  on  the  test  tube  were  used  to  measure  the  flow 
recovered  at  minimum  loading  condition. 


3.  DEFINITIONS 


(1)  Px,  P2,  P3,and  P4 
<2>  P5 

(3)  Q2 

(4)  A 


Static  pressures  (gauge) 
measured  at  points  1,  2,  3,  and 
4  (fig.  B-2). 

Static  pressure  (gauge)  calcu¬ 
lated  from  P^  and  P^at  section 

5D^  from  recovery  port 

Volume  rate  of  flow  m  the  brass 
tubes  ups-T-eam  and  downstream  of 
the  gap. 

Admittance  of  a  component  as  defined 
in  the  following  expression. 


(Volume  rate  of  flow  through  the  componen t)* _ 

Drop  in  the  total  pressure  through  the  component 


Applying  this  definition,  the  admittance  of  the  loads  usei  can  be 
expressed  as  following  (fig.  B-2). 


maximum  load 


=  0 


^medium  load 


% 


(  p  pVS  o(V/  ♦  v4g  ) 

V  5  +  2  ,  “  2 


(1) 


p<^.  -  ll 


minimum  load  = 


r\  ,  cVaa  pVg 

3  .  2 


j*L 


(2) 
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When  the  end  of  the  test  tube  was  blocked  completely,  the  air  flowed 
through  the  gap.  The  admittance  of  the  gap  is  calculated  as  : 


Bloctal 


Area  of  gap  =  ttE^  X 

Average  velocity  of  air  through  gap  =  V 


(3) 


(5)  Degree  of  feedback  Zero  degree  of  feedback  refers 

to  a  complete  isolation  of 

flows  upstream  and  downstream 

of  the  gap.  It  was  calculated  from 
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4. 


STEADY-STATE  TEST 


The  variables  considered  in  the  teat  were: 

(1)  Independent  variables 

(a)  Qj  (or  or  Pj;  -  Pa) 

(b)  Types  of  recovery  port  configuration  -  Type  A 

Type  B 
Type  C 

(c)  End  condition  of  the  test  trbe  -  open  or  closed 

(d)  Gap  size,  X 

(e)  Loads 

(2)  Dependent  variables 

<*>  % 

(b)  P3  (cr  P4 ) 

The  test  was  designed  to  obtain  the  following  information: 

(1)  Relationship  Detween  degree  of.  feedback  and  gap  size, 
(XA^ )  for  the  three  types  of  recovery  port  configuration. 

(2)  Flow  recovery.  versus  gap  size,  (X/Dj,  )  for  the 

three  types  of  recovery  port  configuration. 

(3)  Stagnation  pressure  versus  gap  size. 

(4)  Flow  recovery  versus  loads. 

(5)  Total  and  dynamic  pressure  recoveries  with  respect  to 
loads. 


The  results  of  the  teats  are  presented  in  the  next  section. 

5 •  TEST  RESULTS  AND  DISCUSSION 

(l)  The  main  concern  in  this  Investigation  was  to  determine 
the  minimum  gap  size  which  would  provide  zero  feedback.  Ir  figures 
B-5,  (a)  and  (b),  the  test  results  are  presented.  For  convenience, 
the  degree  of  feedback  was  expressed  in  terrs  of  percent  of  the 
Input  dynamic  pressure  (oVja/2).  Three  curves  represent  lng  each 
type  of  recovery  port  configuration  e  hewed  quite  different  character¬ 
istics.  For  the  ranee  of  (X/Dj't  values  shown,  the  degree  of  feed¬ 
back  In  Type  A  changed  significantly  fre.a  a  positive  to  a  slightly 

negative  value  at  X/Dj )  -  0.6.  Zero  degree  of  feedback  was  obtained 
at  (X/D,  '  -s  2.38. 
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For  Type  B,  the  feedback  effect  was  negative  for  the 
range  0.269  <  X/l ^  <  1.67.  This  means  that  when  the  end  of  the 
receiving  tube  was  blocked,  the  static  pressure  Pa  was  reduced 
from  its  value  when  the  end  vas  open. 

For  Type  C.  the  feedback  effe  t  was  always  positive. 

Zero  degree  of  feedback  was  achieved  at  XA>*  =  1.0.  The  spread 
of  points  at  a  given  X/l^  value  for  one  type  reflects  the  influence 
of  Vj  which  was  varied  from  100  to  220  fps.  (4,000  to  15,000  in 
terms  of  Reynolds  number) .  Depending  on  the  degree  of  isolation 
and  the  other  requirements  of  each  specific  case  of  application, 
figures  B-5(a)  and  (b)  can  be  used  as  a  guide  for  the  design  of 
the  recovery  port  configuration  and  gap  size  of  an  isolator. 

(2)  The  flow  recovery  (^/Q^)  at  various  gap  size  (XA^  ) 
for  type  A,  B, k  C  is  presented  in  figures  3-6  (a)  and  (b) .  The 
overrll  characteristics  of  each  curve  in  this  figure  was  quite 
flat  for  a  considerable  part  of  the  test  range  of  XA\  .  Within 
this  range  of  XA\  shown,  the  flow  recovery  was  always  slightly 
higher  than  0.7. 


The  difference  among  different  types  was  not  significant. 
Beyond  the  flat  part  of  the  curve  a  large  drop  in  flow  recovery 
was  observed  for  type  A  and  B. 

Figure  B-6  (a)  and  (b)  serve  to  show  the  relationships  of: 


(a)  Velocity  recovery,  since 


for  same  size  tubing 

9l 


(b)  Dynamic  pressure  recovery,  since 


V  '8 

’  2  ' 

Tvf 


9b  * 


for  same  size  tubing 


(3)  Stagnation  pressure  recovered  versus  X/D*  for  typo  A, 

B,  It  C  is  shown  in  figures  B-7(i»)  and  (b)  .  By  knowing  the  stagna¬ 
tion  pressure  recovered  for  different  gap  sizes  and  types  of 
entrance  configuration,  we  get  a  measure  of  the  ma*  tmu:;i  total  pressure 
recoverable  as  the  output  flow,  or  the  admittance  of  the  load,  ap¬ 
proaches  zero. 

Stagnation  pressure  sas  normalized  with  respect  to  the 
input  dynamic  pressure.  The  results  are  shown  in  figures  B-7(a) 
and  (b).  The  ratio  of  ♦he  Eulaiia  velocity  to  mean  velocity  for 
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a  fully  developed  turbulent  flow  la  approximately  1.2.  Thus,  the 
stagnation  pressure  would  be  about  1.44  times  the  input  dynamic 
pressure  (pvf  1/2  if  the  gap  sizes  were  within  the  core  flow  region 
and  there  were  no  other  effects.  Referring  to  the  curves  showing 
the  stagnation  pressure  recovered  in  figures  B-7(a)  and  <b),  when 
the  gap  is  very  small ,  the  stagnation  pressure  recovered  is  greater 
than  1.44. 


The  gap  size  plays  an  important  role  in  determining  the 
downstream  (recovery  tube)  pressure.  For  large  gap  sizes,  the 
downstream  pressure  is  influenced  by  the  atmospheric  pressure  in 
the  gap.  But  for  very  small  gaps,  the  flow  pattern  is  such  that 
no  part,  of  the  "through”  flow  is  subjected  to  atmospheric  pressure; 
thus,  the  upstream  pressure  becomes  controlling.  One  might  say 
that  pressure  is  "transmitted"  downstream,  and  may  be  likened  to  the 
case  of  a  small  hole  drilled  in  a  pipe  for  the  purpose  of  measuring 
static  pressure.  In  the  latter  case,  the  effect  of  the  "exposure" 
to  the  atmosphere  in  governing  the  flow  inside  the  pipe  is 
insignificant . 

Another  practical  way  to  explain  this  phrnoinenon  is 
shown  in  the  following  sketch. 


In  the  lower  diagram,  the  situation  approximate*  that  of 
a  blocked  pipe  and  Pj  approaches  P  . 
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(4)  In  figure  B-8  the  flow  recovery  (v^j  ^ )  is  plotted 
against  admittance  of  loads  (<^a/AP)  for  X/Dj  =1.  In  figure  B-9, 
the  total  and  dynamic  pressure  recoveries  are  plotted  with  re¬ 
spect  to  the  admittance  of  the  loads  for  X/Dj  =  1.  There  7<ere 
three  loads  used  in  the  test  as  described  previously.  The  ad¬ 
mittance  values  of  these  loads  were  calculated  according  to  the 
definitions  and  experimental  data  shown  in  figures  B-10,  B-ll, 
and  B-12,  Flow  recovery  increased  as  the  admittance  of  the 
loads  increased.  The  shaded,  rectangular  areas  represent  the 
spread  of  experimental  results  due  to  varying  input  pressure  and 
recovery  port  configuration.  As  stated  previously,  figure  B-8 
serves  to  show  both  velocity  and  dynamic  pressure  recoveries 
oith  respect  to  loads. 

(5)  As  the  admittance  of  the  load  increased  the  dynamic 
pressure  increased,  but  the  total  pressure  recovered  remains  al¬ 
most  the  same  (fig.  B-9).  If  there  were  no  energy  loss  in  the 
isolator  the  total  pressure  recovery  line  would  be  horizontal. 

Since  the  ratio  of  the  maximum  to  average  velocity  in  a  fully 
developed  turbulent  flow  is  about  1.2,  then  this  horizontal  line 
should  be  at  1.44  on  the  ordinate  as  shown  in  figure  B-9.  The 
net  energy  loss  is  represented  by  the  distance  between  the  con¬ 
stant  total  energy  line  and  the  total  pressure  recovery  line. 

For  a  given  load  with  its  admittance  value  known,  figure  B-9 
shows  the  performance  characteristics  of  the  isolator,  i.e., 

the  efficiency,  the  static  pressure  and  dynamic  pressure 
recovery. 

(6)  The  relationship  between  the  input  total  pressure  and 
output  flow  of  the  isolator  at  two  load  levels  are  shown  in  figures 
B-10,  B-li,  and  B-12.  These  were  used  to  calculate  the  admittance 
of  the  loads.  Tha  gap  size  and  the  type  of  entrance  configuration 
were  also  recorded. 


These  results  showed  that  the  input  versus  output 
relationship  depended  very  slightly  on  the  type  of  entrance  con¬ 
figuration  and  X/Bj  value  in  the  range  of  test,  as  shown  in  the 
f igures . 

6 •  CONCLUSION 

Steady  state,  subsonic  flow  isolation  can  be  achieved  by  mea. 
of  a  gap  of  proper  dimension  along  the  flow  channel.  In  an  axt- 
symmetrical  flow,  an  adequate  isolation  cf  flow  can  be  achieved  by 
providing  gap  size  ranging  from  1.0  to  2.38  depending  on  the  recovery 
port  configuration.  The  coco  shape  recovery  port  reqi  ireu  the 
smallest  gap  size  whereas  the  funr-'l  shape  takes  considerably  larger 
size  gap.  On  the  brs:s  of  the  flow  and  pressure  recoveries,  and 
the  gap  size  necessary  for  complete  flow  isolation,  the  cone  shape 
recovery  po**t  is  most  attractive. 
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The  output  characteristics  of  the  isolators  are  also  a  func¬ 
tion  of  the  load.  Admittance  of  a  load  as  defined  here  can  be 
used  to  map  the  output  characteristics  of  the  isolator. 

7 .  SUGGESTIONS 

(1)  A  similar  Investigation  of  the  transient  state  would  be 
highly  valuable  and  desirable. 

(^)  The  direct  application  of  the  information  presented 
here  to  a  two  dimensional  flow  isolator  needs  additional  investi¬ 
gation. 
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Figurr  B-3.  Tfst  arrangeBeut. 
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±±± 


Figure  B-4.  Loading  conditions. 
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Figure  B-5*.  Degree  of  feedback  at  various  gap  sizes  up  to  complete  isolation. 
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Figure  l»-oa.  Flow  recovery  at  various  gap  sizes  up  to  coaplete  isolation. 
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Hyure  B-7b.  To*..‘-i  and  stagnation  pressure  recovered  at  various 

yop  sixes  up  to  complete  isolation. 


Myui'e  B-‘>.  Total  snd  dynamic  pressure  recoveries  with  respect 
to  the  ad«:  t  ta.ir*’  of  losds  for  X/l)  *  1. 
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otsl  pressure  versus 
flow  in  type  A  design. 
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APPENDIX  C . — STEADY-STATE  CIRCUIT  THEORY 


1 .  GENERAL  DESCRIPTION  OF  HDL  FLIP-FLOP 

The  design  of  all  fluid  circuits  used  to  perform  logical 
functions  requires  that  under  conditions  of  constant  input  each 
element  in  the  circuit  shall  produce  a  constant  output.  Steady- 
state  operation  of  a  circuit  involves  a  study  analogous  to 
steady-state  direct-current  theory  in  electronics,  where  even 
before  the  transient  response  Is  considered,  the  D.C.  levels  must 
be  calculated,  and  suitable  resistors  used  to  ensure  that  all 
stee.dy-state  conditions  are  met. 

The  HDL  flip-flop  was  the  active 
element  In  a  binary  counter  circuit 
employing  delay  lines  and  AND  gates. 
Figure  C-l  shows  the  flip-flop 
with  equal  orifice  resistances  placed 
on  its  output  channels  AQ  and  BQ. 

A  signal  applied  at  A^  causes  a  flow 
to  switch  from  output  BQ  to  output 
Aq.  Conversely,  a  signal  applied 
at  Bj^  causes  an  output  flow  to  switch 
from  output  ^to  output  B0. 

Experiments  have  shown  that  the 
sensitivity  of  the  flip-flop  depends 
on  the  output  resistance  loads  Rq. 

A  larger  resistance,  corresponding 
to  a  smaller  orifice,  attached  to 
each  output  leg  of  the  flip-flop 
results  in  a  reduced  flow  from  one 
leg  and  reduced  entrainment  by  the 
other  leg.  As  the  resistance  Rq  is 
increased  the  flip-flop  becomes  more 
sensitive  to  a  switching  signal,  and 
the  pressure  gain  improves. 

When  a  certain  critical  value  of  Rq  is  reached  the  flip-flop  be¬ 
comes  unstable  and  oscillates  even  in  the  absence  of  an  input  signal. 

2 •  THE  EQUIVALSNT  AREA  OF  ORIFICES 

A  useful  concept  in  determining  the  value  of  an  orifice  Is  the 
equivalent  area  of  the  orifice.  This  Is  given  by  A  in  the  expres¬ 
sion: 

q  » 


R0  Rq 


P 

Figure  C-l.  Diagram  showing 

operation  of  HDL 
flip-flop. 
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Where  : 


q  is  the  measured  flow  in  ma/sec 

A  is  the  equivalent  area  of  orifice  in  in2 
p  is  the  total  pressure  drop  across 

the  orifice  in  lb. /in2 

p  is  the  density  of  the  fluid  in  lb.  seca/in4 

The  equivalent  area  specified  in  this  manner  is  Independent 
of  the  fluid  or  the  operating  pressure  used,  and  furnishes  a 
meaningful  figure  of  admittance  for  the  orifice. 

3.  CIRCUITS  CONSISTING  OF  ORIFICES  ONLY 

All  steady- state  fluid  circuits  may  be  reduced  to: 


Figure  C-2.  Orifices  connected  in  parallel. 
Referring  to  figure  C-2, 

q  =  q^  '•’la  +  Q3  +  •  •  «  +  Qn 


.vAirr /sr  t ...  ♦  a  N 

C  C  ' 

Thus,  the-  equivalent  urea  A  for  orifices  Aj  ,  A.,,  .  .  .  A 

(fig.  C-3)  connected  in  parallel  is  given  b)  : 


A 

pa 


r  a  1  lei 


-  s  +  \  +  ^  + 


+  A 

u 


9R 


q 


A,  - 

h* —  P  2 — 

1  A2r 

—  P  3  *” 
A2  f _ 

sn  - 

r  i — 1 — i  '  * 

— - p 

'  m 

Figure  C-3 .  Orifices  connected  in  series. 
Referring  to  figure  C-3, 

P  =  Pi  +  Ps  +  Ps  +  ...  +  Pn  (D 


Since , 

«-*/F 


p 


Similarly, 


Pi 


(2) 


Pa 


P 


n 


(3) 


Substituting  for  pressure  the  expressions  (2)  and  (3),  we  obtain 


_L  as!  _  _L_  pqr  +  _J_  £Hl 

2  V  2  A*  2 


.  + 


1 
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Thus,  we  have  the  following  useful  relationships  for  orifices 
connected  in  parallel  ana  in  series: 


A  ,,  ,  —  A.  +  Aq+A«+.i.+A 
parallel  i  w  n 


(A  4  )s 
series 


Aa, 


V 


A  single  stage  of  the  three- stage 
binary  counter  circuit  is  shown 
in  figure  C-4. 

The  input  line  receives  a  signal 
from  the  pulse  former  of  the 
previous  stage.  This  pulse  is 
gated  with  a  legel  at  one  of  the 
two  AND  gates  (  lj  or  C2j  depending 
on  the  existingstate  or  the  flip- 
flop. 


Figure  C-4. 


Diagram  of  binary 
counter  circuit . 


pulse  while  AND  gate 


e 


If  the  flip-flop  is  in  the  reset 
condition,  such  that  there  is  flow 
from  the  left  hand  output,  then 
the  level  at  AND  gate  flj  will 
permit  the  input  pulse  To  switch 
the  flip-flop  to  its  SET  condition. 
At  the  instant  the  flip-flop  was 
being  set  theinput  pulse  arriving 
at  AND  gate  (2)  was  blocked  because 
the  other  inptft  to  that  gate  was 
low.  However,  on  being  set,  the 
flip-flop  starts  sending  a  signal 
along  delay  (4 J  but  by  the  time 
this  signal  reaches  AND  gate  {2  )  the 
input  pulse  has  gone.  The  flip-flop 
will  not  be  reset  until  the  next 
input  pulse  is  xeceived,  at  which 
time  AND  gate  (2)  will  admit  the 
ill  be  closed. 


at 


De 

the 


lays  (3)  and^^  therefore  serve  to  hold  up  the  output  signal 
AND  gates  flj  Snd  (2^  until  the  input  pulse  has  passed. 


The  pulae  forming  AND  gate  (5  1  permits  a  pulse  to  be  generated 
only  at  the  instant  when  its  inputs  coincide.  Since  the  output  from 
the  set  side  S  of  the  flip-flop  is  held  up  by  the  delay,  the  inputs 
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to  AND  gate  f  5j  will  not  be  exactly  of  opposite  pha^.e.  Thus,  there 
will  be  a  period,  equal  to  the  delay  produced  by  during  which 

both  inputs  to  the  AND  gate  will  be  high  and  the  Alft;  gate  will  generate 
a  pulse. 

It  can  be  seen  from  figure  C-4  that  the  output  from  each  flip- 
flop  must  be  admitted  by  two  AND  gates  in  series  in  order  to  switch 
the  next  flip-flop.  Tests  have  shown  that  the  pressure  recovery 
from  an  AND  gate  whose  output  is  required  to  drive  two  AND  gates  is 
approximately  50  percent,  while  the  pressure  recovery  from  an  AND 
gate  whose  output  is  required  to  switch  a  flip-flop  is  approximately 
60  percent.  Thus  the  control  pressure  at  the  input  to  each  flip- 
flop  can  be  expected  to  be  ox  the  order  0.5  r.  0.6  x  100  percent  ,  or 
30  percent  of  the  available  output  pressure. 

4.  SELECTION  OF  EQUIVALENT  AREA  TO  BE  USED  ON  >U)L  FLIP-FLOP  FOR 
RELIABLE  OPERATION 

Tests  carried  out  on  nine  flip-flops  of  power  nozzle  width 
0,030  in.  showed  that  a  pressure  gain  of  better  than  6:1  could  be 
obtained  from  five  of  then,  when  an  orifice  of  equivalent  area 
equal  to  0.00414  sq  In.  was  used.  It  was  felt  that  since  the  re¬ 
quired  gain  for  marginal  operation  was  a  little  over  3:1,  a  gain 
of  b:x  would  result  in  reliable  operation.  An  equivalent  area 
equal  to  0,00414  In.  was  therefore  selected  J[or  the  output  load  of 
each  side  of  the  flip-flop,  and  the  bleeds  (ij  and  Ml©  shown  in 
figure  C-4  were  calculated  to  provide  this  eTTective“orif ice  area 
when  taken  in  conjunction  with  the  remainder  of  the  circuit. 

The  equivalent  areas  of  all  delay  lines,  flow  dividers  and  AND 
gates  were  obtained  by  experiment,  and  are  shown  in  the  following 
table  : 


Table  I. 

Calculat inn 

of  the 

Orifice 

Diameters 

In  the 

Counter  Cli 

"CU  1  t  . 

Element 

(see  figure  C- 

:i) 

Equivalent  Area 

AND  gate 

s  ©0© 

1.484  : 

x  10~3  tr..a 

De  1  a  y  (  6 

) 

3.93  x 

10~=  in.2 

Dr  lays  y 

^  0 

4.92  x 

l()'3  in.r 

Flow  Div 

;  ders  (©  (lO 

8.34  x 

i  0  ~3  in. ?  a 

t  each  output 

Bleeds  T 

's  (11  (1? 

13.1  x 

1 0  In.3  s 

tralght  through 

9.1  x 

lo~3in.?  r 

ight  angle  turn 

(•  values 

of  ’he  (M)iiiva 

lent  or 

if  toe  areas  for  the 

■  .1 1  f  f  e  ren  ? 

s  on  the 

set  output  S 

of  (he 

n  i  r-f  i. 

>p  are  showr 

!  in  f  i gu rt 

C-5. 
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The  resistance  \  is  calculated  to  give  a  pressure  drop  such 
th*  the  two  inputs  to  AND  gate  (2),  figure  C-4,  are  equal  when 
high.  To  calculate  AL  it  is  necessary  to  satisfy  the  condition 
that  the  input  pressure  to  AND  gate|2>.  Figure  C-4  is  equal  to 
the  output  pressure  from  AND  gate 


Since  the  output  pressure  from  AND  gate  .5  1  is  50  percent  of 
the  input  pressure  we  may  calculate  A^  and  Aj  rn  the  network  shown 
in  figure  C-5  by  satisfying  the  following  two  conditions  simulta¬ 
neously  : 


(1)  The  pressure  p,  is  50  percent  of  the  pressure  Pj  . 

(2)  The  necwork  has  an  admittance  enual  to  that  of  an 
orifice  of  equivalent  area  4,1'*  x  10-3  sq  in. 


Figure  C-5  may  be  simplified  as  shown  in  figure  C-6. 


nt 


A  *! 


> 


■uvyv 


Figuit  C - *> .  Simplified  diagram 
•  >f  figure  C-5. 


Where  : 


_ 1 _ 1 _ + _ 1__  +  _J_  _ _ j__ 

8.342  4.92s  1.484s 

A4  =8.34 

11  11 
-  - - + - + - 

Ag2  13. I2  3.932  J.4842 

Ag  =  1.381 

1  _  1  1 
Ag2  9. 12  V 

where  A3  and  Ag  become  the  two  unknowns. 


Ag  and  Ag  may  now  be  determined  from  the  equations; 


Solving  these  equations  we  obtain: 


A !  =  1.89  x  10“3  sq  in. 
Ag  =  2.002  x  10 “3  sq  in. 


Referring  again  to  figure  C-4,  the  two  pressure  levels  at  the 
inputs  of  AND  gate  were  to  be  made  equal  wher  high.  It  was 
therefore  necessarjN-Co  place  an  orifice  at  H4)  such  that  its 
equivalent  area  was  equal  to  that  of  the  delVy  tubing 


Having  obtained  the  ecjui valent  argas  of  the  orf ices  to  be 
placed  at  positions  ^7)  f8 U3y,  u4y,and  (iM,  results  of  tests 
carried  out  on  orifices  or^'different  s'Jzes  wereused  to  derive  the 
actual  orifice  diameters.  Those  diameters  are  shown  in  the  following 
table  : 


Orifice  Position 


Bleed 

Bleed 


Restrictor 


R>'S  trie  tor 
Restrictor 


Orifice  Diaroete*' 

(in} 

0.061 

0.061 

0  057 

0.057 

0.079 


A  3-stage  counter  was  then  built  using  the  dimensions  for  bleeds 
and  restrictors  shown  in  table  I.  The  counter  operated  as  predicted, 
thus  confirming  the  method  cf  obtaining  the  values  for  bleeds  and 
restrictors  described  above. 
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APPENDIX  D. — SWITCHING  TESTS 


1.  INTRODUCTION 

An  equivalent  electronic  circuit  can  be  drawn  for  the  pneu¬ 
matic  counter  circuit  under  investigation,  so  that  electronic 
circuit  analysis  can  be  adapted  conveniently  to  predict  the  per¬ 
formance  of  the  pneumatic  counter  circuit.  The  flip-flop  is  con¬ 
sidered  as  a  "black  Box"  in  this  approach;  only  the  input  and 
output  relationships  are  required,  regardless  of  the  exact  switching 
mechanism  within  this  black  box.  It  <s  toward  this  ena  that  the 
following  switching  test  was  designed  and  carried  out, 

2.  DESK,:*  OF  THE  SWITCHING  TEST  ON  THE  0.030  IN.  SIZE  (0.030  Vi. 

X  0.090  IN,  POWER  NOZZLE) 

The  switching  test  consists  of  two  major  parts;  the  test  arange- 
ments  for  each  part  are  shown  schematically  in  figtres  D-l  and  0-2. 

In  each  figure,  the  black  box  is  shown  to  contain  a  flip-flop  and 
an  extra  length  ux  tubing  for  interconnection.  The  gap  between 
the  control  jet  nozzle  and  entrance  to  the  black  box  was  kept  con¬ 
stant  at  0.737  in.  This  gap  is  to  be  considered  as  a  parameter 
in  describing  the  input  to  the  black  box,  since  the  signal  received 
at  the  entrance  to  the  black  box  varies  with  respect  to  the  gap 
size.  (See  Apx  B,  Isolator  Study.)  Thus,  the  total  pressure  of 
control  jet  P^,  the  angular  speed  of  the  rotating  disc  (ju  and  the  gap 
size  would  be “sufficient  to  characterize  the  input  signal. 

The  first  part  of  this  report  describes  the  test  results  in 
which  the  minimum  total  pressure  of  the  control  jet  P  necessary  to 
switch  the  power  jet  (not  repeatedly  but  only  once)  is  characterized 
by  the  parameters  a)  (wheel  speed)  and  ?  (pulse  width).  Since  the 
test  arrangement  as  shown  in  figure  D-l  provides  a  train  of  pulses 
rather  than  a  single  pulse,  it  was  impossible  to  avoid  the  inter¬ 
action  of  the  successive  pulses  in  the  train  in  this  "single-switch¬ 
ing  test."  "n  order  to  be  consistent  through  the  test,  a  pulse 
train  which  switched  the  power  jet  within  5  seconds  after  the  ap¬ 
plication  of  the  pulse  train  was  considered  as  the  minimum  total 
pressure  of  control  jet  necessary.  This  consideration  is  not  neces¬ 
sary  in  the  dynamic  switching  test  in  which  the  power  Jet  was  switched 
back  and  forth,  continuously.  The  power  jet  flow  was  kept  constant 
throughout  the  entire  tests.  It  was  calcula'ed  from  a  convenient 
power  Jet  average  velocity  of  250  fps.  The  output  pjlse  form  was  of 
no  concern  in  the  single  switching  test,  therefore,  it  was  not 
measured . 

In  the  sou nd  part  of  this  report,  the  result  of  the  dynamic 
switching  test  is  presented.  In  addition  to  the  test  arrangement 
as  shown  in  figure  D-l,  < sc i I locopes ,  hot-wire  probes  and  pressure 
pickup  were  used.  Figure  D~2  shows  the  entire  test  arrangement. 


*X3  fcr 


2.1  Description  ot!  Single  Switching  Test 


The  variables  considered  in  the  test  were: 

(1)  Independent  Variables 

(a)  Power  Jet  Flow  (or  P1 )  Test  was  done  for 

Qi  =  4.67  x  10-3 
CFS  (Va  =  250  fps) 
only. 

Test  was  done  with 
no  load  and  with 
0.084  in.  orifice  at 
flip-flop  outputs. 

(c)  Pulse  width,  r  Pulse  width  was  varied 

by  both  the  angular 
velocity  of  the  disc 
u>  and  the  length  of  the 
slots  0  (the  angle  that 
the  radial  lines  con¬ 
necting  the  center  of 
disc  and  edges  of  slot 
makes) . 

Test  was  done  with  u, 
ranging  from  0  to  65 
revolutions  per  second, 
and  9  for  10,  20,  and 
45  degrees. 

(2)  Dependent  Variables 

(a)  Minimum  total  pressure  of  control  Jet  P 

c 

The  test  was  designed  to  obtain  the  minimum  total 
pressure  of  control  jet  P  to  switch  the  power  Jet  in  a  fixed  length 
of  time  (in  5  seconds  here)  at  various  9  and  a>  (or  t)  values. 

2.2  Results  of  Single  Switching  Test 

In  figure  0-3  the  minimum  total  pressure  of  control  jet 
P  is  plotted  against  the  angular  velocity  of  the  disc  w  for  three 
different  discs  with  10-,  20- ,  and  45-degree  slots.  Increase  in 
required  higher  value  of  P  .  Also  shorter  slot  required  higher 


(b)  Load  on  the  flip-flop 
outputs 
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Figure  D-4  was  reduced  from  figure  D-3.  Reading  from 
figure  D-3  the  values  of  P  at  oj  values  of  10,  30,  and  50  revolu¬ 
tions  per  second  and  plotting  the  relationship  between  P  and  r, 
we  find  that  the  points  fall  on  a  single  curve  as  shown  in  figure 
D-4. 


When  the  flip-flop  was  loaded  with  0.084  in.  orifices 

a l  the  outputs,  the  minimum  total  pressure  P  required  to  switch 

c 

the  power  jet  was  reduced  slightly  except  at  small  values  of  t. 
This  is  shown  in  figure  D-5  in  which  P  versus  t  for  both  loaded 
and  unloaded  conditions  are  plotted  for  comparison. 

2 . 3  Description  of  Dynamic  Switching  Test 

The  variables  considered  in  the  test  were: 

(1)  Independent  Variables 

(a)  Power  Jet  flow 

0!  (or  F^) 

(b)  Lead  on  the  flip- 

flop  outputs 


(c)  Pulse  width,  t 


(2)  Dependent  Variables 

(a)  Minimum  total  pressure  of  control  Jet  P  . 

c 

(b)  Characteristics  of  the  output  signals  of  the 

black  box. 

The  transient  part  of  the  output  signal  can  be 
described  by  its  delay  time,  rise  time,  and  the  shape  of  the  leading 
edge. 


Test  was  done  for 

=  4.67  x  10-3  CFS 
(Vx  =250  fps)only. 

Test  was  done  with  no  load 
and  with  0.084  in.  orifices 
at  flip-flop  outputs. 

Ihilse  width  was  varied  by 
varying  the  wheel  speed 
of  the  10-degree  disc . 


ITae  steady  state  part  of  the  output  signal  is 
described  by  its  amplitude. 

The  test  arrangement  is  shown  in  figure  D-2.  The 
traces  on  the  oscilloscopes  were  recorded  with  a  Polaroid  camera  so 
that  all  dependent  variables  described  shove  could  be  determined 
from  these  photographs. 
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2 . 4  Results  of  Dynamic  Switching  Teat 

Thrc*  sets  of  photographs  were  taken  at  values  of  t  equal 
to  0.89,  4.00, and  7.45  msec.  In  the  4.00-msec  set,  the  flip-flop 
outputs  were  loaded  with  0.084-in.  orifices  to  see  the  change  in 
the  output  characteristics.  Also,  the  hot-wire  probes  were  placed 
upstream  and  downstream  of  the  orifice  load.  In  short,  we  have 
three  sets  of  photographs  obtained  under  the  following  test 
conditions : 

Set  1  t  =  0.89  msec,  unloaded 

Set  2  T  =  4.00  msec,  unloaded,  and  loaded  (hot  wire 

placed  upstream  and  downstream  of  orifice 
load) . 

Set  3  t  =  7.45  msec,  unloaded 

In  each  set  we  have  taken  three  photographs  showing : 

(1)  The  power  jet  being  switched  back  and  forth 

cleanly, 

(2)  A  complete  cycle  of  the  traces,  and 

(3)  The  magnified  transient  portion  of  the  traces. 

The  firs*  two  photc  >hs  were  taken  for  the  purpose  of 
supporting  the  third  photograpn  in  order  to  be  sure  that  each  set 
of  photographs  was  taken  under  the  same  dynamic  test  conditions. 

The  r .easurements  can  be  taken  solely  from  the  third  photograph,  and 
therefore  only  ihe  third  photographs  in  each  set  are  presented  in 
the  following  pages. 

3.  CONCLUSION 


The  input  and  output  relationships  described  in  the  previous 
photographs  showed  quite  different  characteristics  depending  on 
the  input  signal  to  the  black  box  as  well  as  the  point  of  measure¬ 
ment  of  the  output  from  the  black  box.  The  photographs  serve  to 
indicate  the  general  types  of  variation  of  the  input  and  output 
relationships;  the  corresponding  electronic  circuit  may  be  drawn  to 
give  theiie  characteristics. 

As  the  reed  for  more  extensive  data  arises  the  test  scheme 
described  in  this  report  can  be  used  to  provide  this  information. 
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1st  Set 


v  =  0.89  msec,  unloaded 


Upper  trace:  'Output  3,  Time  scale  0.5  msec/cm 

Ampt .  scale  0.2  v/cm 

Lower  trace:  Input  5  Time  scale  0.5  msec/cm 

Ampt  scale  2.0  v/cir, 

Power  jet  flow  =  0.00467  CFS  (\\  =  250  fps)  . 

10-deg  disc,  rotating  at  uj  =  31.2  rps. 

Peak  value  of  input  velocity  reduced  from  hot-wire  probe 
at  5  (lower  trace)  was  108  fps. 

Minimum  total  pressure  of  control  jet  =  29.15  in.  WG. 


1  10 


2nd  Set 


t  =  4.00  msec,  loaded,  hot-wire  at  downstream  of 
orifice . 


Upper  trace:  Output  3,  Time  scale  0.5  msec/cm 

Ampt  scale  0.5  v/cm 

Lower  tracer  Input  5,  Time  scale  0.5  msec/cm 

Ampt  scale  2.0  v/cm 

Power  jet  flow  Qj  =  0.00467  CFS  (Vx  -•  250  fps). 

10-deg  disc,  rotating  at  <u  =  6.03  rps. 

Peak  value  of  input  velocity  reduced  from  hot-wire  probe 
at  5  (lower)  was  37  fDS. 

Minimum  total  pressure  of  control  jet  =  10.7  in.  WG. 


Ill 


2nd  Set 


t  =  4.00  msec,  loaded,  hot-wire  at  downstrean  of 

orifice 


Upper  trace:  Output  3,  Time  scale  0.5  msec/cm 

Ampt  scale  0.2  v/cm 

Lower  trace:  Input  5,  Time  scale  0.5  msec/cm 

Ampt  scale  0.1  v/cm 

Power  Jet  flow  =  0.00467  CFS  (Vx  =  250  fps)  . 

10-deg  disc,  rotating  at  j.  =  6.95  rps. 

Peak  val  ae  of  input  velocity  reduced  from  hot-wire  probe 
at  5  (lower  trace)  was  37  fps. 

Minimum  total  pressure  of  control  Jet  =  11.1  in.  W0. 


1  12 


2nd  Set 


T  =  4.00  msec,  loaded,  hot-wire  at  upstream  of 

orifice 


Upper  trace:  Output  3,  Time  scale  0.5  msec/cm 

Ampt  scale  0.2  v/cm 

Lower  trace:  Input  5,  Time  scale  0.5  msec/cm 

Ampt  scale  0.1  v/cm 

Power  Jet  flow  Qj  =  0.00467  CFS  <\\  =  250  fps)  . 

10-degdisc,  rotating  at  uu  =  6,95  rps. 

Peak  value  of  input  velocity  reduced  from  hot-wire  probe 
at  5  (lower  trace)  was  55  fps. 

Minimum  total  pressure  of  control  jet  «  11.1  in.  WG 
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3rd  Set 


T  =  7.45  msec,  unloaded 


Ut>per  trace:  Outpu:  3, 

Lower  trace-  Input  5, 

Power  jet  flow  Qj  = 

10-deg  disc,  rotating  at  <ju 
at  5  (lower  trace)  was  37 

Minimum  total  pressure  <>f 


Time 

scale 

1.0 

msec /cm 

Ampt 

scale 

0.2 

v/cm 

Time 

scale 

1.0 

msec/cm 

Ampt 

scale 

2.0 

v/cm 

0.00467  CFS  (Vt  --  250  fps)  . 

=  3.73  rps. 
fps. 


control  Jet  s  7.5  in.  WG. 
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Figure 
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1. 


SUMMARY 


After  the  development  of  a  satisfactory  DC  circuit  theory  for 
fluid  devices,  the  next  logical  step  is  the  development  of  a  workable 
AC  fluid  circuit  theory. 

This  analysis  shows  that  fluid  circuit  theory  may  be  treated  using 
the  same  general  approach  as  electronic  circuit  theory,  provided 
certain  frequency  requirements  are  met.  Essentially  the  approach 
is  to  idealize  the  circiit  into  linear  and  nonlinear  elements 
whose  response  is  invarient  with  respect  to  frequency,  together 
with  linear  inductive  anrJ  capacitive  elements.  The  nonlinear 
elements  are  then  idealized  into  piecewise  linear  elements,  and 
an  analytic  solution  is  applied  over  the  linear  regions,  such  that 
all  boundary  conditions  ar  satisfied. 

2.  UNIVAC  UNITS  AND  TERMS 

FORCE 


It  is  proposed  to  use  the  POUND  WEIGHT  as  the  standard  unit 
of  force  since  this  is  the  unit  most  commonly  used  in  mechanical 
engineering. 

LENGTH 

The  manufacturing;  industry  in  this  country  uses  the  INCH  as 
the  standard  unit  of  Length,  and  since  our  pneumatic  devices  will 
eventually  be  specified  in  in.  for  production  purposes,  it  is 
proposed  to  use  the  INCH  as  the  standard  of  length.  This  unit  is 
commonly  used  with  the  engineering  unit  of  force,  the  pound. 

TIME 


» 


The  SECOND  will  b«?  used  as  the  unit  of  time,  since  thlf  is 
almost  universally  recognized  as  the  standard  unit. 

The  following  table  shows  the  units  we  shall  use: 


Term  Unit 


Name  Abbreviations 


Pressure 

Plow 

Inductance 

Resistance 
( ) inear) 

Capacitance 


lbf 


sec 


P«1 

(ci s/sec) 

pa  1 
cis 

els 

(psl/secT 


(gauge) 


ps  1 


cis 


P 

Q 
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3. 


THE  FLUID-ELECTRICAL  ANALOG 


In  deriving  the  electrical  analogs  of  inductance,  resistance, 
and  capacitance  it  will  normally  be  assumed  that  flow  Q  is  equiv¬ 
alent  to  electric  current  i,  and  pressure  p  is  equivalent  to 
voltage  e.  With  these  assumptions  we  may  formulate  the  following 
pairs  of  relationship: 


ELECTRICAL 

PNEUMATIC 

Inductance  L 

T  di 

e  =  L  - 

dt 

Resistance  R 

e  =  R  i 

p  =  R  Q 

Capacitance  C 

e  =  —  f  i  dt 
c  ,! 

'■4-; 

4.  FLUID  CIRCUIT  THEORY 

A  pneumatic  circuit  normally  consists  of  a  number  of  active 
and  passive  elements  with  interconnections. 

Although  most  pneumatic  elements  have  essentially  nonlinear 
performance  characteristics,  there  are  certain  conditions  under 
which  the  characteristics  of  some  passive  elements,  become  close 
to  linear. 

When  the  required  conditions  prevail  we  may  design  circuits 
consisting  of  linear  pneumatic  elements  which  have  characteristics 
equivalent  to  the  electrical  terms:  INDUCTANCE,  RESISTANCE,  and 
CAPACITANCE. 

Fortunately  the  conditions  for  linear  performance  are  compati¬ 
ble  with  the  requirements  of  low  power  and  miniaturization.  We 
shall  examine  these  conditions  for  the  three  types  of  element 
separately,  since  some  elements  require  more  restrictive  conditions 
than  others. 

4 . 1  Inductance  L 

By  definition,  wc  may  state  the  inductance  L  of  a 
pneumatic  lire  as  foi'ows: 
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Since  air  is  compressible,  the  assumption  that  Newton's 

Law  may  be  applied  to  the  whole  mass  of  air  in  a  pipe  is  not 

strictly  valid.  However,  if  the  acoustic  wave  length  is  long  com¬ 

pared  with  the  length  of  the  pipe,  and  if  the  changes  in  pressure 
are  small  (say  less  than  one  tenth)  compared  with  the  absolute 
pressure,  then  the  assumption  of  incompressibility  may  be  applied 
as  follows: 

Let : 

Cross-sectional  area  of  pipe  =  A  in. 

Length  of  pipe  =  i  in. 

Pressure  at  outlet  of  pipe  =  pQ  lbf/in.2 

Pressure  at  entrance  of  pipe  =  Pj  lbf/in. a 

Density  of  air  at  pressure  p.  =  n  lbf/sec2/in.4 

Velocity  of  air  in  pipe  =  V  in. /sec 

Flow  of  air  in  pipe  =  Q  in. 3 /sec 

Then  from  Newton's  Second  Law  of  Motion: 

A(Px  -  Pc)  =  p(A JL)  ^  assuming  oD  =  p 

*  d  Q 

p!  -  p=  P/  —  (-£-  ) 

=  ZJ-  -  (1) 

71?)  A 

dt 

Equation  (1)  expresses  the  pressure  difference  at  the 
ends  of  the  pipe  resulting  from  unit  rate  of  change  oi  flow.  We 
shall,  therefore,  define  the  inductance  of  a  pipe  as 


4.2  Resistance  R 


lbf  see/ 


By  definition  we  nay  stuto  the  resistance  R  of  a 
pneumatic  element  as  follows: 
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where  p  is  the  pressure  difference  across  the  element  resulting 
from  a  constant  flow  Q  through  the  element. 

For  the  resistance  of  an  element  as  defined  by  equation 
(2)  to  be  constant  there  must  be  no  loss  of  energy  due  to 
turbulence. 


An  element  which  satisfies  the  conditions  required  for 
laminar  flow  will  have  a  constant  resistance  since  the  only  losses 
will  be  those  caused  by  viscosity.  Such  an  element  may  be  designed 
by  stacking  thin-walled  capillary  tubing  parallel  to  the  direction 
of  flow  of  the  air: 

Let : 


Length  of  each  capillary  tube 


=  1, 


in. 


Internal  diameter  of  each  capillary 
tube  s  D  in. 


Number  of  capillary  tubes  in  passage  =  N 

Viscosity  of  air  =  p 

Ratio  of  total  area  of  cross  section  of 
tube  passages  to  area  of  main  passages  K 


lbf  sec/in. 


Consider  the  elemental  thin  cylinder  of  radius  r  and 
thickness  f>r. 


Let  the  velocity  of  the  air  at  radius  r  be  v  then  the 


velocity  gradient  at  this  radius  is 


dv 

dr 


Equating  the  forces  due  to  the  pressure  difference 
(Pi  "  PQ)  acting  on  the  ends  of  the  solid  cylinder  or  radius 
r  to  the  force  imparted  to  the  curved  surface  of  the  solid 
cylinder  by  virtue  of  the  viscous  shear  stress  in  the  enveloping 
thin  cylinder  we  have: 


Force  due  to  pressure 
difference  between  ends  I 
of  solid  cylinder  of 
radius  r. 


Force  due  to 
viscous  shear  stress 
in  thin  cylinder  of 
radius  r. 


r  > 

J 


dv 

~  2nrl, 
dr  1 


(Pi  “  PQ)  nr8  +  u 

•••  £  -  - 

f*  ~  P°  [  rdr  +  A 


.  .  V  r  - 


2uli 


-(Pi  ~  Po) 

2ul! 


+  A 


when  r  =  rQ  v  =  0  since  the  velocity  of  a  fluid  at  a 
stacicr.ary  wall  must  always  be  zero. 


*  A  -  *  '  po 

*  *  A  IJTj 


thus : 


V  a 


1  ~  Po 


<ro  -  r3)  in. /sec. 


Let  the  flow  through  the  tube  be  q  in.3 /sec*  and  let  the 
flow  due  to  the  elemental  cylinder  be  6q. 

then  gq  ■  v  (2rr)  6r  in.3/aec. 
r. 


.  * .  q  ■  j  ^  2rrvrdr 
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=  fr°  c’--  -  >*> 


dr 


.10 


*  a .  jgi  ~  pA.> n  tL 

■  q  '  Bah 


in. 3 /sec. 


Since  there  are  N  tubes 


Q  *  Nq 

.'.  we  may  express  the  total  flow  through  the  resistance 
element  as: 


N<Pl  -  P  >  rr  D4 
Q  =  - 

128plj 


Therefore, 

(Pi  -  Pp?  =  128U1,  ( 

Q  NttD4 

Equation  (2)  expresses  the  pressure  difference  between 
the  ends  of  the  capillary  tubes  resulting  from  unit  flow. 

*7e  shall  therefore  define  the  resistance  cf  a  stack  of 
capillary  tubes  as: 


128^  lb  sec 

R  =  -  - 

NnD*  in.6 

provided  the  following  two  conditions  are  met : 
Reynolds  Number  condition 


Q  (max  )  D 

0  - 

IA  M 


<  2000 


Compatibility  condition: 


nD®  N 


LA 


*>6 


where  L  <  .75 


4.3  CAPACITANCE  C 


By  definition  wt  may  state  the  capacitance  C  of  a 
container  as  follows: 


C  — S— 

(*E) 

'dr 

where  Q  is  the  flow  into  the  container,  resulting  from  a  rate  of 

dp 

change  of  pressure  -  at  the  opening  of  the  container. 

dt 

For  a  container  to  have  capacitance  we  depend  upon  the 
fact  that  air  is  compressible. 

Let 


Volume  of  container 


V  in.3 


Absolute  pressure  of  air  at  any 

ins  tant 


P 


lb 

In? 


Assuming  that  the  air  is  compressed  into  the  volume  V 
adiabatically  »e  have: 


PV1  *4  -  C 


Bulk  modulus  of  air 
per  unit  volume. 


change  in  pressure 
change  m  volume 


-i.4  e 

r  .4 

v 

stnee  the  volume  V  is  unify,  the  bulk  modulus  is  1,4  P  lb/ in.3. 

If  the  changes  in  pressure  Pj  -  P  are  small  compared  with 
the  absolute  pressure  P  ,  may  assume  tha?  the  bulk  modulus  is  a 
constant 

K  =■  1.4  P0  lb/ in.3 


change  in  pressure  _  dP 
change  xn  volume  -  dV 


Thus,  a  volume  V  of  air  when  subjected  to  s  rate  of  change 
«.f  pressure  dP/dt  will  change  to  a  volume  V  +  After  a  time 
5  t ,  thus  . 


)  27 


V  +  6V  =  V  +  -  7  z  V 

1.4  PQ 


© 


Thus, 


=  ™  =W 
dt  w 


1.4  P„ 


Equation  (3)  expresses  the  flow  resulting  from  unit  rate 
of  change  of  pressure  ° t  the  entrance  to  a  container.  We  shall, 
therefore,  define  the  capacitance  of  a  container  as: 


1.4  Pc  lbf 

Thus,  we  have  defined  inductance,  resistance  and  capaci¬ 
tance  for  passive  pneumatic  elements  operating  under  conditions 
whi<N>  permit  the  use  of  linear  approximations.  Under  these  con¬ 
ditions  the  values  of  the  inductance,  resistance  and  capacitance 
of  the  three  types  of  element  may  be  expressed  as  follows: 


INDUCTANCE 


lbf  sec3 


RESISTANCE 


x  l. 
KR  ND4 


lbf  sec 


CAPACITANCE 


Kc  v 


at  20 ( 


The  values  ot  L,  K  ,  and  K  have  been  calculated  for  air 
°C  and  14.7  lb/sq  inT  as  follows: 


=  1.13  x  10-7 


lbf  sec* 


K  =  1.07  x  10^ 

R 


lbf  sec 
"  "In? 


Kc  =  4.85  x  10_a 


5. 


ELECTRICAL  ANALOG  OP  FLUID  CIRCUITS 


Inductance  Element  L — This  element  may  be  replaced  by  an 
electrical  Inductance  with  no  further  change  in  the  circuit  except 
when  the  acoustic  wave  xength  is  of  the  same  order  as  the  pipe 
lengths  under  consideration. 

Resistance  Element  R — This  element  may  be  replaced  by  an 
electrical  resistance  with  no  further  change  in  the  circuit. 

Capacitance  Element  C — This  element  must  be  replaced  by  an 
electrical  capacitor  to  ground  as  indicated  below. 


P  — *  • 
Q  — *  i 


ei 


0^  R  Co 
....  » 

IC 


C 


Pneumatic  Circuit 


Equivalent  electrical  circuit 


6 ,  CIRCUIT  ANALYSIS 

We  shall  apply  the  volt age -pres sure  analog  to  show  how  the 
transfer  function  for  a  simple  pneumatic  LRC  network  may  be  ob¬ 
tained  by  reference  to  the  equivalent  electrical  network. 
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L 


c 


p. 


Q, 


_ I 

I 


K 


q 


Actual  pneumatic  circuit 


Idealized  pneumatic  circuit 


L 


e  p 

t  -  Q 


Equivalent  electrical  circuit 


The  circuit  equations  may  r.o*  be 
transforms : 


solved  using  Laplace 


E4 


S 


0 


+ 


0 


IjR 


(1) 


130 


OR 


These  equations  may  be  rewritten: 


—  -n 

a,  b,  c,  0 

'Eil 

0  b  j  C  j  0 

h 

00  c3  d3 

h 

0 


where 

a,=-l;  b,*  UL+  y  C,.- 

k  1  „  „  1 
b2=-  C,  =  R  ♦  W 

°3  =  ~i ;  =  R 


r 


L 


*i 

U 

E0 


*■*—  •"“* 

_  - 

e,  0  g,  0 

n 

0  f2  0  0 

h 

I 

j 

0  0  ga  0 

h 

Eo 

(2) 


where  e, 


^  2 


The  signal  flow  graph  corresponding  to  equati--.is  (2)  i»  as 
follows : 


and  the  graph  transmittance  is 


—  *  -*1 

Ei  1  “  *2  <h 


(3) 


Making  the  appropriate  substitutions  for  ex  fg  gt  gg  in  terms 
of  L  R  and  C,  we  obtain  the  transfer  function  for  the  circuit. 
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col*— < 


It  should  be  noted  that  the  inverse  Laplace  transform  of  BQ 
corresponds  to  the  pressure  p0  In  psi  expressed  as  a  function  of 
tine  when  a  step  input  p^  Is  applied. 

If  the  output  flow  Is  required  then  we  use  the  graph  trans¬ 
mittance  : 


I"  -  *8  *1 


In  place  of  (3) 


If  a  constant  current  Input  Is  applied  In  the  form  of  a  step 
function,  then  we  may  make  either  of  the  following  two  assumptions: 

(1)  The  inductance  L  Is  negligible 

In  this  case  the  signal  flow  graph  reduces  to: 


and  the  graph  transmittance  becomes : 
E  f8  8a 


(2)  The  Inductance  L  has  associated  with  it  a  small  but  not 
negligible  capacitance  Ci  . 

To  solve  this  problem  we  must  first  redraw  the  equivalenl 
electrical  network.  If  capacitance  is  small  compared  with  C 
it  will  be  a  reasonable  approximation  to  assume  the  following 
equivalent  electrical  network,  where  Cj  the  lumped  capacitance 
of  the  line  L. 
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Eo  = 


Since  Ej  is  not  required  we  may  eliminate  the  first  equation. 
The  remaining  three  equations  may  now  be  written  in  the  form: 


OR 


al  bi 

0  b2 
0  0 


e,  0  g,  0 
0  f,0  0 
0  0^0 


(4) 


The  signal  flow  graph  corresponding  to  equations.  (4) is 


as 


fol lows 
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and  the  graph  transmittance  is 


*0  ®1  fa  K» 

V  =  1  "  fa  81 


(5) 


It  will  be  noted  that  the  forms  of  (5)  and  (3)  are  identical, 
however,  the  branch  transmittances  e1  and  g ±  will  be  observed  to 
be  different  for  the  two  transfer  functions. 

7,  LINEAR  APPROXIMATIONS  FOR  THE  ORIFICE  RESISTANCE  ELEMENT 

The  pressure  loss  across  an  orifice  is  due  to  the  dissipation 
of  the  kinetic  energy  gain  as  the  air  is  accelerated  from  plane  A 
to  plane  B,  as  indicated  in  figure  E-l. 


i/4  '£ 
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Figure  E-l 


Since  the  loss  oi  energy  due  to  turbulence  is  negligible 
between  these  two  planes,  we  may  apply  Bernoulli's  equation  as 
follows : 


P 


+ 


VS 


2 


where  the  density  o  is  assumed  constant. 
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Velocities  vx  and  vQ  are  related  by  the  continuity  equation: 


where  Cc  is  the  contraction  coefficient  for  the  orifice,  and 
D0  are  the  diameters  of  the  pipe  and  the  orifice,  respectively. 


This  result  gives  the  ideal  velocity  at  the  vena  contracts. 
Multiplying  by  the  velocity  coefficient  Cy  we  obtain  the  actual 
velocity  v  ' 

V  =  cv 

The  product  vq'  Cc  AQ,  where  Aq  is  the  area  of  the  orifice, 
gives  the  actual  flow  Q  thus: 


When  the  orifice  diameter  is  small  compared  with  the  inner 

„  r° .v 

4-  M  -O  4*V<  n  n  i  m  n  v  r  n  A  rw  1  4  4  Vt  a  4"  IM  !  1  A  M  ♦  V* 


diameter  of  the  pipe  we  may  neglect  the  term  C? 


ar.d  the 


expression  for  flow  r.ay  then  be  reduced  to: 


Q  =  Cd  ao 


r2  (Pi  -  p  ) 


where  C  -  C  C  the  coefficient  of  discharge, 
d  v  c 
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Equation  (6)  may  therefore  be  expressed  in  the  form 


Pi 


psi 


For  air  'it  0°C  and  14.7  psi  the  value  of  KQ  is  fo«nd  to  be 


0.146  x  10-® 


lbf  sec2 
in.4 


Thus,  for  an  orifice  resistance  we  haver 


Pi  "  p0  0.146  x  10"*  lbf  sen* 

Q2  D4  in.0 


We  may  define  the  orifice  resistance  coefficient  K  as  follows: 


P_  psi 
0s  (cis)a 


where  p  is  the  pressure  drop  across  the  orifice  resulting  from 
a  flow  Q. 


Since  the  relationship  between  Q  and  p  for  an  orifice  is  non¬ 
linear  we  shall  approximate  to  a  piecewise  linear  circuit  as  shown 
in  figure  E-2. 


Lei  the  estimated  max imum  flow  through  the  orifice  when  operating 
In  a  circuit  be  and  let  the  corresponding  pressure  drop  across 

the  or i f i  r  be  . 


Kir. 


Figure  E-2  shews  the  relationship  between  p  and  Q  for  an 
orifice.  We  may  reduce  the  parabola  OB  to  two  linear  portions 
OA  and  AB  such  that  the  area  under  the  parabola  is  equal  to  the 
area  under  the  linearl7ed  approximation  to  the  parabola  as  given 
by  the  line  OAB. 

Since  p  *  the  area  under  the  parabola  between  the  limits 
0  and  Qg  is: 

P  dQ 


«Qs 

f  IQ3 

Jo 


1  Q 

—  PS  8 


Ibis  area  must  be  made  equal  to  the  area  of  triangle  ABC 


.  1  0 
.  ,  i>s'*s  = 

O 


<«.  -  <*>  p. 


We  may  now  obtain  the  equation  for  the  line  AB  as  follows 
The  equation  of  the  line  AB  will  be  of  the  form: 


where 


when 


when 


p  B  QR  +  B 


R  and  B  nr**  constants. 


P  «  0  Q  .  -  Qg 

3 


P  *  PB  Q  *  Qg 

Thus,  we  may  solve  the  two  simultaneous  equations; 
Pg  u  Q|R  B 

0  .  -i-  Q  R  «  B 


to  obtain  the  constants  R  and  B. 
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Subtracting  (2)  from  (i) 


PS=—  QsR 


R  = 


Substituting  for  R  in  2 ; 


B  =  -  -T*  Qs 


2  ps 


Thus,  for  the  portion  of  the  linear  approximation  between 


—  Qs  and  Qg,  we  have : 


/  3  Ps  \  „  1 

P=  -o-  "7T  I  Q  ”  “ST  P, 


2  Qe 


2  *s 


The  complete  linearized  expression  for  pressure  as  a  function 
of  flow  may  be  expressed  as: 

j-  — |  ^Qs  '  j  Qs 

_  J  .13  "s  .  1 


P  =  I  0 


(3  n  1 

^2  Qs  Q  "  2  Ps 


0=4  Qs 


An  equivalent  piecewise  linear  approximate  circuit  is  she-  n 
in  figure  E-3. 


■=F1 


Figure  E-3 
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The  switch  S  is  set  to  switch  from  pole  1  to  pole  2  whenever 

the  input  current  iJ  exceeds  ~  i  ,  where  i  is  the  current  re- 

i  3  &  s 

quired  to  switch  the  driven  device  in  the  analog  circuit. 


Also  R  = 


_3_ 

2 


^s 


i 


s 


and 


ps  < - *  es 


where  p  is  the  pressure  drop  across  the  orifice  caused  Dy  a  flow 
Qs* 

Thus,  the  cii  >it  shown  in  figure  E-3  is  the  voltage-pressure 
analog  electrical  circuit  corresponding  to  an  orifice  operating 
under  conditions  of  flow  Q  such  that  0  <  Q  <  Qs,  where  Qg  is  the 
orifice  flow  required  to  perform  a  switching  function  in  the 
circuit . 
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APPENDIX  F. —TRANSIENT  CIRCUIT  CALCULATIONS 


T.  D.  Reader 


1.  TRANSIENT  STATE  CIRCUIT  THEORY 

The  approach  to  the  solution  of  the  problem  of  dynamic  per¬ 
formance  for  fluid  logic  circuits  is  essentially  as  follows: 

(1)  The  fluid  circuits  are  idealized  into  linear  and  non¬ 
linear  elements  such  that  while  the  linear  elements  can  be  capacitive, 
inductive, or  resistive,  the  nonlinear  elements  are  either  resistive 
only,  or  are  pure  switches  which  close  after  a  specified  delay. 

(2)  The  equivalent  electronic  circuit  is  drawn  based  on 
measurements  taken  from  tests  on  the  actual  fluid  elements. 

(3)  The  resistance  elements  are  then  linearized  by  calculating 
the  equivalent  linear  resistance  satisfying  the  steady-state 
condition. 


(4)  An  analytic  solution  is  applied  to  the  idealized  circuit 
using  linear  network  analysis  and  synthesis. 

2.  EQUIVALENT  CIRCUIT  FOR  THE  HDL  FLIP-FLOP 


The  idealized  equivalent  electrical  circuit  shown  in  figure 
F-l  was  assumed  for  one  output  leg  of  the  flip-flop. 


Figu-.  e  P-1 


The  switch  S  is  assumed 
to  close  at  the  instant 
when  the  control  pressure 
Pc  reaches  the  pressure  re¬ 
quired  to  switch  the  flip- 
flop. 

With  the  output  load  R  known, 
values  of  L  and  C  were  ob¬ 
tained  from  a  synthesis  of 
the  network.  The  procedure 
was  to  obtain  the  experi¬ 
mental  response  of  the  flip- 
flop  to  a  control  puise,  and 
then  to  determine  by  calcula¬ 
tion  the  values  of  L  and  C  fo 
which  the  response  of  the 
circuit  shown  In  figure  F-l 
most  closely  approximated 
the  actual  flip-flop  response 


3. 


SYNTHESIS  OF  AN  EQUIVALENT  L-R-C  CIRCUIT  FOR  THE  FLIP-FLOP 


Figure  F-2 

The  transfer  function  for  the  circuit  shown  in  figure  F-2 
was  obtained  by  the  method  of  Laplace  transforms,  and  is  giv?n  by: 


p0<s) 

Pi(s) 


RLCs2  +  Ls  +  R 


(1) 


If  Pi(s)  is  the  step  function  pA C — ^ — )  then  the  output  p^  may 
by  expressed  ?s  a  function  of  time  in  terms  of  LRC  and  as  follows 


(2) 

Where  pi  is  a  step  input  at  t  =  0 

This  expression  may  be  simplified  by  making  the  substitutions: 


*  *  2RC  (3) 

and 


143 


The  output  pQ  may  now  he  expressed  as  a  function  of  time  in 
terms  of  M.c  values  K,  to  and  p^  as  follows : 


P, 


=  1  -  e 


-It 


coscut  + 


_K_ 

tt’ 


s  incut 


(5) 


A  typical  response  to  a  control  signal  given  to  the  HDL 
flip-flop  is  shown  in  figure  P-3.  Values  of  K  and  cu  were  obtained 
by  a  method  of  successive  approximation,  and  the  calculated  curve 
is  shown  superimposed  on  the  experimental  curve. 
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Figure  P-3 


It  can  he  seen  that  agreement  between  the  two  curves  is  suf¬ 
ficiently  good  to  permit  the  use  of  the  equivalent  circuit  in  cal¬ 
culations  involving  the  response  of  a  flip-flop. 

The  analytical  expression  which  agreed  most  closely  with  the 
experimental  results  was: 


where 


e"1,457t(cos  i , 3 17 1  ♦  1.11  sin  l,317t) 


t  is  in  seconds. 


(«) 
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EXPERIMENTAL  CONFIRMATION  OF  THEORY 


In  order  to  verify  that  the  circuit  theory  derived  in  this 
report  is  valid  over  a  us<  ."ul  range  of  operating  frequencies  it 
was  decided  to  set  up  a  binary  counter  stage  so  that  it  was  free 
to  oscillate  at  its  natural  frequency. 


Figure  P-4 

Input  P  was  maintained  at  a  constant  signal  level,  so  that  the 
feedback  from  the  delay  lines  &  and  IXj  could  be  transmitted  by  the 
AND  gates  Aa  and  thus  causing  the  flip-flop  to  multivibrate. 

The  values  of  L  and  C  in  the  circuit  shown  in  figure  F-2  were 
first  obtained  then  the  remainder  of  the  circuit  was  incorporated 
into  a  complete  electrical  analog  of  the  counter  element.  The  cir¬ 
cuit  which  represents  the  load  on  the  left  hand  output  is  shown  in 
figure  F-5(a),  and  the  equivalent  electrical  circuit  is  shown  in 
txgure  F-5(b) .  The  delay  line  tubes  of  the  fluid  circuit  have  been 
simulated  by  means  of  the  LC  ladder  network  shown 


I 

Figure  P-3(t) 
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The  complete  flip-flop  oscillator  can  be  represented  by 
means  of  the  electrical  circuit  shown  in  figure  F-7. 

The  input  delays  D  represent  a  delay  in  the  switching  action 
of  the  flip-flop.  This  delay  is  determined  by  the  strength  of  the 
input  signal. 

5.  DETERMINATION  OF  EQUIVALENT  CIRCUIT  PARAMETERS 

Values  of  L  and  C  were  obtained  from  a  series  of  tests 
carried  out  to  determine  tb  reeponse  of  the  flip-flop  under  dif¬ 
ferent  loading  conditions.  The  values  of  the  remaining  components 
in  the  circuit  were  obtained  by  direct  measurement  and  calculation. 

5 .  MODE  OF  OPERATION  OF  THE  CIRCUIT 

Referring  to  figure  F-7,  let  us  assume  that  switch  5  has  just 
closed.  Then  the  effective  supply  pressure  pi  will  cause  an  increas¬ 
ing  flow  in  the  circuit,  corresponding  lo  the  load  attached  to  the 
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output  leg  A  of  the  flip-flop  shown  in  figure  F-4.  When  the  pres¬ 
sure  drop  pft  across  the  resistor  reaches  a  value  such  that  the 

Input  signal  Kpa  can  close  the  switch  and  simultaneously  open 
switch  8a,  the  flip-flop  will  switch,  and  the  output  pb  will  begin 
to  rise  while  the  output  pa  will  begin  to  ft  1.  Similarly  when 
the  output  pb  reaches  the  required  switching  value  the  flip-flop 
will  again  change  state.  In  this  way  the  flip-flop  circuit  will 
operate  as  an  oscillator. 

7.  MATHEMATICAL  SOLUTION 

The  Laplace  transform  for  the  combined  flip-flop  and  load 
is  given  by:  . — - 

P0(s)  I^Re"^  +  v  LdCd>* 

_  m  -  ■— . — . -  . .  ty\ 

Pl<*>  0^  +  ^XLRCf)**-  La  ♦  R) 


where 


T  is  the  switching  delay  time 

L^  is  the  lumped  inductance  of  the  feedback  delay  line 

is  the  lumped  capacitance  of  the  feedback  delay  line 

From  (7)  the  output  from  the  delay  line  may  be  expressed  as  a 
function  of  the  circuit  parameters  and  the  input  function  by  means 
of  the  transformed  expression: 


P.(*)^*~(T  +  ^dCd)s 

Po(.)  *  — - - 

(1^  +  Ifc)  (RLCs3  +  L8  +  R) 


(8) 


In  deriving  the  transformed  expression  corresponding  to  the 
flip-flop  output,  it  was  assumed  that  the  input  Pi(s)  was  the  step 
function  pi  (1/s).  Thus,  the  output  of  the  delay  line  may  new  be 
expressed  In  terms  of  the  input  signal  p^  as  follows: 

plRtRe~<T  *  vGcd>» 

P  (*)  m  - -  (9) 

•<R*  ♦  IfeHRLCs3  +  Ls  +  R) 


Taking  the  Inverse  Laplace  Transform  of  both  sides  of  expres¬ 
sion  (9)  we  obtain  an  expression  from  which  the  half-cycle  tine 
■ay  be  calculated: 
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It  now  remains  only  to  determine  the  values  of  the  parameters 
in  expressions  (10)  and  (11)  in  order  to  specify  completely  the 
output  pressure  p^  as  a  function  of  time  t  oeasured  from  the  instant 
the  input  signal  pressure  Kpa  reaches  the  value  required  to  switch 
the  flip-flop. 


8  *  DETERMINATION  OF  CIRCUIT  PARAMETERS 
8.1  Linear  Resistances 

In  determining  the  diameters  of  the  bleeds  and  restrictors 
(appx  C)  use  was  made  of  the  concept  of  an  equivalent  orifice  area 
A  defined  as  follows: 


q  =  A 

where 

q  is  the  measured  flow  in  in.* /sec 

A  is  the  equivalent  area  of 

orifice  in  in.a 


p  is  the  total  pressure  drop 

across  the  orifice  lb. /In. 3 

0  is  the  density  of  the  fluid  in  lb  sec3/ln.4 

In  order  to  use  the  Lapiacr  transform  it  is  necessary  to 
idealise  an  orifice  as  a  linear  resistance.  The  principle  function 
of  resistive  elements,  whether  linear  or  quadratic,  is  to  satisfy 
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the  steady- state  requirements  for  stability  and  gain.  Under 
transient  conditions,  the  inductive  and  capacitive  elements  are 
of  primary  importance,  because  of  their  phase  shift  effects. 


Since  the  steady-state  conditions  must  be  met  it  is  neces¬ 
sary  to  simulate  an  orifice  by  means  of  an  equivalent  lir'.ar 
resistance  across  which  the  pressure  drop  is  the  same  as  for  the 
orifice  when  the  steady-state  flow  is  maintained.  Let  this  flow  be 
and  let  the  resulting  pressure  drop  across  an  orifice  of  equiv¬ 
alent  are'  A  be  p^  . 

Then  using  expression  (12) : 


Ql  =  A 


A  linear  resistance  R  will  satisfy  expression  (13) 


provided 


R  =  (14) 

The  resistance  R  may  alternatively  be  expressed  as  a 
function  of  the  pressure  drop  Pj  and  the  equivalent  orifice  area 
A  by  substituting  in  (14)  the  value  of  qx  given  in  (13)  : 


R  = 


Expression  (15)  shows  that  the  effective  linear 
resistance  depends  not  only  on  the  equivalent  area  cf  the  orifice 
but  also  on  the  steady-state  pressure  drop  across  it. 

8 . 2  Feedback  Delay  Lines 

The  inductance  Ld  and  capacitance  Cd  for  the  feedback 

delay  lines  were  obtained  frem  their  dimensions  using  the  following 
theoretically  derived  formulae  (Appendix  E) : 


Inductance 


L-  V 


lb  sec* 


Capacitance  C  -  K  V 
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where 


i  is  the  length  of  the  feedback  delay  line 
A  is  its  cross-sectional  area 
V  is  its  internal  volume 

Values  of  the  constants  K  and  K  for  air  at  20°C  and 
14.7  lb/sq  in.  are: 


*L 


=  1.13  x  10”7 


Xc  =  s .85  x  10‘2 


lb  sec8 
in.8 


lb 


The  dimensions  of  the  feedback  delay  lines  were: 

Length  96  inches 

Internal  diameter  0.173  inches 

Using  expressions  (16)  and  (17),  the  following  values 
were  obtained: 


L  .  =  4.65  x  lO'4 

Q 


lb  sec2 
in.B 


( 1 8) 


C,  =  .109 

d 


In. 


lb 


(19) 


8.3  Switching  Deiay  Time 

This  time  was  measured  by  meuns  of  hot-wire  anemometers. 
A  signal  equal  co  the  calculated  input  pressure  was  applied  at  the 
control  port  of  the  flip-flop  and  the  lead  time  was  measured  by 
comparing  the  input  and  output  signals  di&pltyed  on  a  dual-trace 
oscil loscope , 

8.4  Equivalent  Inductance  and  Capacitance  of  Fi lp-Flop 


The  values  of  K  and  <ju  in  expression  (5)  were  found  to  be 
K  =  1,457  rudlans/sec 
su  *  1,317  radians/sec 

The  output  resistance  R  for  the  equivalent  electrical 
circuit  shown  In  figure  F-l  was  obtained  from  expression  (15)  and 
the  values  of  L  and  C  for  the  flip-flop  were  then  calculated  by 
substituting  for  K,  m,  and  R: 
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R  =  29.8  x  10"3 

L  =  2.24  x  10"6 

C  *  1.15  x  10 -s 

T  a  4,2  x  IQ"3 


lb  sec 
in.6 

lb  sec’ 
tn6 

in.6 

lb 

•ec 


i52 


L.  *  4.62  x  10-* 

Q 


lb  sec3 
In.6 


CJ  =  1.09  x  10-1 
a 


in.6 

lb 


l^iese  values  when  inserted  into  expression  (10)  give  the 
pressure  p  at  the  input  to  AND  gates  Aj  and  Aa .  The  output  pres¬ 
sure  i’rom  this  gate  is  Kp  where  K  is  the  recovery  ratio.  Tests 
carried  out  on  AND  gates  have  shown  that  the  value  of  K  is  0.6. 
Thus  the  value  of  p  at  which  the  flip-flop  will  switch  is  given 
by  the  expression: 


.  6p  s 


Ps 


(20) 


where 


ps  is  the  pressure  required  to  switch  the  flip-flop. 

Switching  tests  have  shown  that  the  pressure  required  to 
switch  the  flip-flop,  when  loaded  with  a  circuit  of  equivalent 
orifice  area  equal  to  0.00414  sq  in.  was  0.17  times  the  available 
steady-state  output  pressure  Pj .  Thus  the  time  t  for  the  flip- 
flop  to  switch, measured  from  the  instant  the  input  signal  Kp 
reaches  the  value  required  to  switch  the  flip-flop,  is  determined 
by  the  condition : 


0 . 17pj  =  0.6p  (21) 

hence, 

p  *  0.28PJ  (22) 

Since  all  the  circuit  paraateters  in  expressions  (1C)  and 
(11)  are  known,  we  may  obtain  the  half-cycle  time  tj  by  substitut¬ 
ing  the  right  hand  side  of  expression  (22)  in  place  of  p  in  expres¬ 
sion  (10)  and  solving  the  expressions  (10)  and  (11)  for  tx  and  tx  : 

0 ,28pj  a  0.685pl  ri-e~1457Tl(cos  1,317tx  -  l.ll  sin  1,31?tx)1 


Renee 


Tx  -  tj  -  .01126 


Tx  ■  0.00063  sec 
Tx  ■  0.01 189  sec 


(24) 


(23) 
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Thus  the  calculated  cycle  time  Is  23.8  msec.  The 
calculated  frequency  of  the  oscillator  is  therefore  42  cps. 

9.2  By  Building  and  Testing  the  Equivalent  Electrical 
Analog 

The  electrical  networks  shown  in  figures  F-5(b)  and 
F-6(b)  may  be  built  as  a  single  circuit  in  which  the  ladder  net¬ 
work  representing  the  delay  line  of  the  pulse  former  is  switched 
in  or  out  depending  on  which  side  of  the  fluid  oscillator  is 
being  simulated. 

Figure  F-8  shows  a  circuit  diagram  of  the  electrical 
analog  used  to  study  the  fluid  oscillator. 


in  t>  Figure  F-8 

Capacitance:  — — - 


In  this  circuit  the  input  delays  represented  in  figure 
E-7  have  been  omitted  since  these  were  obtained  directly  from 
tests  carried  out  on  the  flip-flop.  Two  ladder  networks  each  con¬ 
sisting  of  five  inductors  and  Cive  capacitors  were  used  to  simulate 
the  delay  lines  in  the  fluid  circuit.  The  total  inductance  and 
capacitance  of  each  ladder  network  was  made  equal  to  that  of  the 
corresponding  delay  line.  Thus  the  total  inductance  of  the  feedback 
delay  line  is  5Lj  and  the  total  capacitance  is  5C^  .  Similarly  the 
total  inductance  of  the  pulse  forming  delay  line  is  5Lq  and  the 
total  capacitance  is  5Cj . 

The  calculated  values  of  the  parameters  used  in  the 
analog  circuit  arc  shown  In  figure  F-8. 
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Scaling  Factors 


Because  the  numerical  values  of  the  electrical  elements 
shown  in  figure  F-8  were  in  general  outside  the  range  of  the 
available  electrical  components  it  was  necessary  to  use  two  types 
of  scaling: 

(i)  Amplitude  Scaling 

Consider  the  differential  equation  for  a  simple 
LRC  series  circuit: 

L  -~  +  Ri  +  -i-  J  4dt  =  f(t)  (25) 

Both  sides  of  equation  (25)  may  be  multiplied  by  a 

constant  K  giving : 
s 

f  K  s\ 

(KgL)  ^  +  (KgR)  i  +  ~~  Jidt  -  Kgf  (t)  J  (26) 

Thus  to  amplitude  scale  the  circuit  parameters  it 
is  simply  necessary  to  make  the  substitutions: 

L  =  K  L  (27) 

B  S 


Rs  =  KgR 


(28) 


(29) 


where  Lg,  R  and  C  are  the  amplitude  scaled  values  corresponding 
to  the  or^fnal  parameters. 

(ii)  Time  Scaling 

Equation  (25)  may  be  expressed  in  terms  of  a  time  t 
whose  units  are  different  from  those  of  time  t. 


Let  t  =  KtT  (30) 

then  using  the  right  hand  side  of  expression  (30)  in  place  of  t 
in  equation  (25)  we  obtain: 

L  — +  Ri  ♦  —  f  id(K  t)  *  f(K  t)  (31) 

d(Itr)  C 


(32) 

1  b5 


Equation  (32)  shows  that  time  scaling  may  be  accomplished  by  per 
forming  the  following  transformations  on  the  circuit  parameters: 


(38) 


It  was  found  by  trial  that  convenient  values  for  the 
analog  circuit  could  bo  obtained  by  using  the  scaling  factors: 


*s 


10* 


It  -  103 

A  circuit  diagram  giving  the  actual  values  of  inductance 
resistance  and  capacitance  in  electrical  units  is  shown  in  figure 

r-». 

Figure  F-10  and  F-ll  show  oscilloscope  recordings  of  the 
output  e0  measured  from  the  instant  the  switch  S*  was  closed. 

Figure  F-10  shows  the  response  with  the  switch  In  the  position 
shown  In  figure  F-9.  Hi  Is  output  corresponds  to  the  side  of  the 
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flip-flop  not  connected  to  t he  pulse  forming  delay  line.  Figure 
F-ll  shows  the  response  with  the  switch  Sj  in  the  opposite  state 
to  that  shown.  The  effect  of  the  additional  ladder  network,  which 
corresponds  to  the  pulse  forming  delay  line,  is  seen  to  be  small. 

Since  an  input  potential  of  1C  volts  represents  p^ ,  the 
time  taken  for  the  output  potential  to  reach  2.8  v  corresponds  to 
the  time  taken  for  the  flip-flop  input  to  reach  the  required 
switching  level  of  0.28^ .  This  time  is  seen  to  be  approximately 
9  (rsec . 


VoLts 


Volts 


A  tl»  acallng  *n?tor  of  JO3  meano  that  the  electrical 
circuit  la  one  thousand  t taws  faster  than  the  fluid  circuit,  thus 
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the  real  time  for  the  fluid  system  is  nine  msec.  To  this  time 
must  be  added  the  switching  delay  time  of  the  flip-flop,  thus  the 
cycle  time  T  is  given  by: 

T  =  2(9  +  4.2) 

=  26.4 

The  frequency  predicted  by  the  analog  circuit  is 
therefore  38  cps. 

9.3  B£_  Direct  Measurement 

A  hot-wire  anemometer  was  placed  at  one  output  of  the 
flop-flop  in  the  oscillator  circuit  and  a  cycle  time  of  25  msec 
was  measured  by  &*>ans  of  an  oscilloscope .  The  actual  frequency 
is  therefore  40  cps. 

10.  COMPARISON  OF  RESULTS 


Both  the  mathematical  and  the  electrical  analog  of  the  fluid 
circuit  gave  cycle  times  which  were  within  6  percent  of  the  measured 
value.  It  may  therefore  be  Jeduced  that  either  method  would  be 
useful  in  predicting  the  performance  ot  new  circuits. 
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APPENDIX  G.— THREE-STACE  BINARY  COUNTER  USING  ISOLATION  FLIP-FLOP 


i.  DESCRIPTION  OF  ISOLATION  FI, IP- FLOP 

An  application  of  the  experience  gained  in  the  investigation 
of  the  steady-state,  subsonic  flow  isolation  by  gap  (appendix  B) 
has  resulted  in  a  flip-flop  with  built  in  Isolation.  For  simplic¬ 
ity,  it  is  referred  to  as  "isolation  flip-flop"  in  the  following 
discussion. 

The  HDL  flip-flop  (as  described  in  figure  A-l)  has  teen 
modified  in  the  fashion  shown  in  figure  G-l.* 

Since  the  low  pressure  bubble  formed  between  the  power  Jet 
and  the  wall  is  essential  in  a  stable  flip-flop  performance,  the 
first  step  in  modifying  the  HDL  flip-flop  was  to  determine  the 
wall  length  necessary  to  form  the  low  pressure  bubble.  It  was 
determined  experimentally  thati2W  is  sufficient  for  this  purpose. 

The  second  step  in  the  modification  was  to  determine  the  type  of 
recovery  port  and  the  gap  size.  From  t.he  points  of  view  ot  com¬ 
pact  ana  easiness  in  reproduction,  the  cone  shape  recovery  port 
with  some  bluntness  of  0.005-in.  at  the  tips  of  the  recovery 
port  was  selected.  Using  cone  shape  recovery  port  it  was  found 
that  a  gap  size  of  ID,  provides  perfect  isolation  in  axisymmetrical 
flow;  see  figures  B-l  and  B-5(b). 

A  larger  gap  size  of  3W  was  used  to  account  for  the  dif¬ 
ference  between  the  two  dimensional  flow  and  the  axisymmetrical 
flow.  Also  four  vent  holes,  as  shown  in  figure  G-l,  are  there 
to  simulate  the  axisymmetric  flow  as  closely  as  possible. 

Modification  as  shown  in  figure  G-l  was  done  on  an  epoxy 
cast  of  the  HDL  flip-flop.  After  satisfactory  test  result  was 
obtained,  both  the  device  plate  and  its  cover  plate  were  used  to 
reproduce  a  group  of  eight  similar  flip-flops  by  means  of  rubber 
mold.  A  100-percent  yield  was  obtained  in  the  first  group  of  eight 
with  respect  to  bistability  over  the  entire  load  range,  including 
blocxed  outputs.  This  indicates  a  complete  isolation,  or  zero 
feedback  effects  from  external  circuit  loads.  Fur  the  range  of 
P8  from  about  5  In.  of  water  to  well  over  30  in.  of  water,  the  per¬ 
formance  characteristics  of  thes^  flip-flops  was  similar  within 
i5  percent.  With  blocked  outputs,  the  pressure  recovery  is  about 
55  percent  of  the  supply  pressure.  Figures  G-2  and  G-3  show  the 
steady-state  characteristics  of  the  isolation  flip-flop. 

Soue  dynamic  characteristics  have  been  investigated.  Used 
as  the  flip-flop  in  a  circuit  sis  liar  to  the  AND  gate  binary 
counter  circuit  as  shown  below,  it  oscillates  at  its  natural 
frequency  while  driving  two  more  similar  stages.  It  has  operated  at 
250  cps. 
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•Figures  for  appendix  G  appear  on  pp  165  to  172. 


By  using  the  shortest,  physically  possible  feedback  leads  in  the 
arrangement  shown  below  it  has  operated  at  420  cps. 


Lib® 


It  can  be  safely  assumed  that  with  design  refinements  and  miniaturi¬ 
zation,  a  1000  cycles  per  second  unit  would  be  qutte  feasible. 

2.  DESCRIPTION  OF  BINARY  COUNTER  CIRCUIT 


To  demonstrate  the  advantages  of  using  the  isolation  flip-flops 
in  the  design  and  construction  of  a  fluid  circuit,  it  was  decided  to 
build  a  binary  counter  with  unmatched  components  in  a  compact  single 
plane.  Some  dimensions  of  the  components  used  are  shewn  in  the 
table  below  : 


Component 

Nozzle  size  (V) 

Channel  Dept  (t) 

Aspect 

(in.) 

(in.) 

(t/W) 

Isolation  Flip-Flop 

0 .030 

0.090 

3  :1 

AND  gate 

0.020 

0. 120 

6:1 

Divider 

0.015 

0. 120 

8:1 

Note:  The  final  integrated  counter  stage  has  a  uniform  channel 
depth  of  0.050  in.  The  nozzle  width  of  the  components  remains  the 
same  as  shown  above.  The  dimensions  of  the  whole  device  plate  are 
8.1  x  2.7  x  0.15  in.  See  also  the  attached  photograph  in  figure  C-4. 
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By  connecting  counter  planes  a  multistage  binary  counter  can 
be  constructed  easily. 

A  binary  counter  design  as  shown  in  figure  G-5  was  selected. 

This  binary  counter  consists  of  two  flip-flops,  one  inverter,  four 
AND  gates  and  six  dividers,  however,  it  does  not  have  any  delay 
element . 

The  operational  features  of  this  binary  counter  need  considerable 
explanation.  When  there  is  no  pulse  coming  into  the  inverter,  the 
state  of  the  two  flip-flops  in  each  counter  stage  is  determined  by 
the  state  of  the  second  flip-flop  FF2  (sec  figure  G-5).  That  means 
the  second  flip-flop  is  in  the  set  state  the  first  flip-flop  must 
be  in  the  same  set  state. 

The  phase  relationship  of  the  outputs  of  the  three-s*~ge 
binary  counter  with  respect  to  the  pulse  train  is  shown  in  figure 
G-6.  In  constructing  this  figure,  it  is  assumed  that  the  pulses 
are  perfectly  square  and  that  the  second  flip-flops  of  each  stage 
are  at  ”RS"  state  initially.  In  following  through  the  figure,  it 
becomes  immediately  clear  that  the  first  flip-flops  of  each  stage 
change  its  state  at:  the  trailing  edges  of  the  triggering  signal, 
whereas  the  second  flip-flops  of  each  stage  change  its  state  at  the 
leading  edges  of  the  triggering  signal.  The  frequencies  of  the  out¬ 
puts  of  the  first  second  and  third  stage  are  in  the  ratio  of  4:2:1. 

Any  one  of  the  four  outputs  ot  each  stage  can  be  used  to  trigger  the 
following  stage,  however,  only  the  complementary  outputs  of  the 
triggering  outputs  are  in  phase  with  one  another.  In  figure  G-5, 
the  outputs  Lj  of  each  stage  are  shown  as  the  triggering  outputs; 
therefore,  the  complementary  outputs  Rj  of  each  stage  are  in  phase 
with  one  another,  as  can  be  seen  in  figure  G-6. 

3.  METHOD  OF  FABRICATION  OF  COUNTER  PLANES 


In  fabricating  the  counter  planes,  several  kinds  of  com¬ 
ponents  were  necessary.  The  isolation  flip-flop  was  obtained  by 
modifying  the  HDL  flip-flop  as  described  earlier.  The  inverter  was 
obtained  by  modifying  the  isolation  flip-flop  in  such  a  way  that 
one  of  the  two  output  channels  has  less  isolation  compared  to  the 
other.  This  was  accomplished  by  leaving  one  of  the  two  output 
channels  unmodified.  The  AND  gate  and  the  divider  are  standard 
UNIVAC  elements,  having  been  developed  earlier. 

It  is  quite  obvious  that  in  fabricating  the  counter  plane  a 
counter  subunit  as  shown  m  :  lie  ft. 1  lowing  diagram,  ran  be  bu  i  .  t  first. 


Binding  three  subunits  together  in  a  plane  and  cutting  the 
necessary  interconnection  channels  on  both  sides  of  the  plane,  an 
integrated  binary  counter  plane  can  be  built  easily.  The  vent  holes 
on  one  output  channel  of  the  first  subunit  can  be  blocked  up  so  that 
it  performs  the  function  of  an  inverter.  If  a  single  control  input 
is  preferred,  the  AND  gate  on  the  opposite  side  of  the  uovented 
output  channel  can  be  modified  to  achieve  this  purpose. 

In  fabrication,  the  essential  portion  of  the  epoxy  case  unit  of 
an  isolation  flip-flop,  two  AND  gates  and  two  dividers  were  prepared 
to  build  a  master  counter  subunit.  They  were  inserted  in  a  compact 
fashion  in  a  plexiglass  plate.  Then  the  interconnec i,i on  channels 
were  cut  on  the  plexiglass.  See  attached  photograph.  A  rubber  mold 
of  this  master  counter  subunit  was  made  in  order  to  reproduce  the 
necessary  number  of  subunits  to  build  a  complete  counter  plane.  The 
same  method  was  used  to  fabricate  the  master  counter  plane  and  its 
rubber  mold.  Thus,  a  set  of  three  epoxy  cast  binary  counter  planes 
was  fabricated.  When  finishing  each  counter  plane  scotch  tape  was 
placed  on  the  faces  of  the  plane  and  the  necessary  vents  were  cut. 

After  each  counter  plane  has  been  tested  successfully,  then 
they  were  cascaded  one  on  top  of  the  other.  A  three-stage  binary 
counter  has  been  fabricated  and  submitted  as  a  part  of  the  results 
obtained  in  this  contract, 

•1 .  OPERATION  OF  THE  THREE -STAGE  BINARY  COUNTER  USING  THE 
ISOLATION  FLIP-FLOPS 

Limited  test  data  has  been  obtained  on  the  operation  of  the 
binary  counter  planes  using  the  isolation  flip-flops  due  to  the 
limited  amount  of  time  left  in  the  contract  period. 

Using  a  mechanical  signal  generator  each  counter  plane  has 
operated  satisfactorily  up  to  180  pulses  per  second  without  missing. 
The  binary  counter  operated  satisfactorily  between  10-  and  30-in. 

WG  supply  pressure;  10-in.  WG  is  the  minimum  operating  supply  pres¬ 
sure;  however,  the  counter  was  not  tested  beyond  30  in.  WG.  It  is 
safe  to  assume  that  the  maximum  operating  supply  pressure  is  well 
beyond  30  in.  WG. 

A  wide  range  of  operation  is  possible  with  this  binary  counter. 

Figure  G-7  shows  the  relationship  of  the  maximum  counting  rate, 

f  with  respect  to  the  supply  pressure,  P„  and  the  total  pressure 
ma.x  s  r 

of  the  control  jet,  p  .  For  a  given  value  of  supply  pressure  P^, 

the  maximum  counting  rate  f  increases  with  increasing  total 

ma  x 

pressure  of  the  control  Jet,  P  .  On  the  other  hand,  if  the  available 
total  pressure  of  the  control  /jet  P  is  fixed,  the  maximum  counting 
rate  could  be  either  increased  or  decreased  as  the  supply  pressure 
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is  increased,  depending  on  the  level  of  available  control  pressure 
as  shown  in  figure  G-7. 

Figure  G-8  shows  the  relationship  of  the  minimum  total  pressure 
of  control  jet  (p  )  with  respect  to  the  pulse  width  t.  The  pulse 
width  was  calculate?  from  the  slot  angle  of  the  rotating  discs  and 
the  angular  velocity  of  the  rotation.  As  compared  with  figure  D-4, 
which  shows  the  switching  characteristic**  of  the  original  HDL  flip- 
flop,  it  is  noticed  that  the  minimum  total  pressure  of  control  Jet 
is  reduced  considerably. 

The  counter  is  not  sensitive  to  noise.  Time  did  not  permit  a 
complete  quantitative  analysis  of  the  influence  of  noise  levels, 
however,  operation  is  unaffected  by  natural  air  turbulence,  or  by 
the  mechanical  vibration  of  the  pulse  generator. 
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Note :  On  the  cover  plate 
there  are  two  vent  holes 
located  right  on  top  of 
the  vent  holes  on  the 
device  plate. 


Figure  G-l.  Isolation  flip-flop  showing  the  modifi¬ 
cation  of  HDL  flip-flop  (See  figure  A-l 
for  the  original  design.) 
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